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PREFACE 


Before  continuing  to  the  text,  the  reader  should  know  why  this  handbook  has  been 
published,  and  the  reasoning  behind  the  scope  and  technical  level  of  the  material 
contained  herein. 

The  interest  In  the  field  of  radomes  has  undergone  »  broad  expansion  in  the  last 
several  years.  Along  with  this  expansion  of  interest,  a  large  number  of  groups 
studying  the  radome  problem  have  arisen  in  industrial  and  research  organizations 
in  many  parts  of  the  country.  It  was  soon  realized  by  members  of  these  groups  and 
by  Government  organizations,  that  the  individual  radome  engineer  was  relatively 
Isolated.  This  was  due  to  Insufficient  regular  meetings  with  his  colleagues,  and  the 
lack  of  full  dissemination  of  wriiten  reports  pertaining  to  hia  field.  The  interest  in 
the  ONR  Radome  Symposium  in  Washington,  D.  C.,  in  June  1953,  clearly  displayed 
that  the  coordination  of  Radome  Research  and  Development  being  conducted  through¬ 
out  the  country  was  badly  needed  and  desired. 

In  early  1955,  a  decision  was  made  by  the  Air  Force  and  the  Navy  to  remedy  this 
situation.  First,  a  system  of  regular,  yearly  Symposia  was  set  up.  These  Symposia 
enable  the  full  and  free  dissemination  of  technical  information  on  radomes,  by  the 
presentation  of  papers,  personal  contacts,  and  the  publication  of  proceedings. 
Second,  to  fulfill  (he  need  for  a  contemporary  reference  on  radomes,  the  existing 
"Radome  Engineering  Handbook,"  AMC  Manual  80-4  was  reviewed,  and  theprogram 
to  publish  a  mode  i  n  one  started  by  the  award  of  a  contract  to  the  McGraw-Hill 
Book  Company. 

This  Handbook  has  been  written  expecting  that  tine  majority  of  the  scientists  and 
engineers  working  on  radomes  are  academically  trained  physicists,  mathemati¬ 
cians,  and  electrical  engineers.  This  decision  was  not  meant  to  de-emphaslze  the 
fine  contributions  made  by  workers  in  the  fields  of  materials,  structures,  and  aero¬ 
dynamics,  but  meant  to  insure  that  the  handbook  will  be  of  maximum  benefit  to  the 
majority  of  workers  on  radomes.  Therefore,  throughout  the  handbook,  it  is  assumed 
that  the  reader  has  a  degree  in  jlectrical  engineering,  physics  or  mathematics,  with 
some  knowledge  of  plane  wave  theory.  As  a  result,  the  sections  on  materials,  rair. 
erosion,  structures,  and  environment,  at  e  written  to  be  informative  and  educational 
with  the  understanding  that  each  subject  would  require  a  complete  text  in  Itself. 

This  Handbook  should  give  the  new  engineer  a  well  grounded  background  In  the 
field  of  radomes,  and  give  the  experienced  engineer  a  complete  reference  to  rely 
upon. 

The  only  purpose  of  this  report,  ami  its  reason  for  e  xistence,  is  service  to  the 
Government  and  to  the  radome  industry.  Only  by  receiving  comment,  both  favorable 
and  unfavorable,  from  the  reader  will  we  be  able  to  find  out  how  well  this  has  been 
done.  Criticism  is  earnestly  solicited  and  should  be  addressed  to  the  issuing 
agency. 

W.  H.  CROSWEI.L 
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Chapter  1 


ORIGIN  AND  HISTORICAL 
DEVELOPMENT  OF  RADOMES 


Fred  H.  Behrens 


W right  Air  Development  Center 
Wrlght-Patteroon  Air  Force  Base 
Dayton,  Ohio 


Chapter  1 


ORIGIN  AND 

HISTORICAL  DEVELOPMENT  OF  RADOMES 


1  - 1 ,  Introduction 

In  any  treatise  on  a  technical  subject  of  this 
type,  especially  where  it  is  Intended  for  new 
men  in  the  field  as  well  as  for  the  experienced, 
it  is  appropriate  to  outline  some  of  the  historical 
developments  that  brought  the  field  to  its  pres¬ 
ent  state.  In  this  chapter,  an  effort  is  made  not 
only  to  trace  the  significant  stages  of  radome 
development,  but  to  tie  them  in  along  the  way 
with  the  corresponding  developments  in  radar, 
particularly  during  World  War  n.  By  this 
means,  the  logical  time  scale  of  events  will  be 
seen,  starting  at  the  point  where  microwave 
radar,  with  its  need  for  radomes,  first  came 
under  serious  consideration. 

1-2.  Relations  to  VHF  Radar 

Airborne  radars  of  the  premicrowave  period 
were  of  the  VHF  type  and  operated  with  exter¬ 
nally-mounted  Yagi,  or  other  dipole-array 
radiators  requiring  no  radomes.  These  an¬ 
tennas  served  well  in  the  early  Installations  on 
the  relatively  slow-speed  aircraft  of  that  day. 
It.  was  early  realized,  however,  tliat  the  available 
antenna  gains  and  resolution  capabilities  of 
practical  airborne  dipole-ari'ay  antennas  were 
so  limited  at  the  frequencies  used  (VH *•') ,  that 
an  early  shift  to  the  use  of  microwave  frequen¬ 
cies  was  Indicated.  Because  of  the  unavailability 
of  signal  generators  capable  of  producing 
microwave-pulsed  signals  of  the  required  power, 
this  shift  to  the  microwaves  was  delayed. 

1-3.  Origin  of  Radome  Problem 

A  low-powered,  Sperry-built  klystron  equip¬ 
ment,  believed  to  be  the  first  experimental 


airborne  microwave  radar  system,  was  test 
flown  by  the  Army  Air  Forces  In  a  B-18  aircraft 
in  the  late  fall  of  1940  J  This  aircraft  was 
flown  out  of  Moffett  Field  on  the  West  Coast  of 
the  United  States.  Several  successful  experi¬ 
mental  radar  runs  were  made  against  the  large 
hangar  buildings  at  Moffett  Field  and  against 
tankers  in  San  Francisco  Bay, as  radar  targets. 
By  today’s  standards,  the  radar  range  obtained 
on  these  targets  was  vory  small,  but  these  first 
runs  clearly  Indicated  the  potentialities  of 
microwave  radar.  No  radome  was  used  on 
these  flights,  since  the  equipment  was  merely 
suspended  in  the  bomb  bay  of  the  B-18  and  op¬ 
erated  on  an  experimental  basis  through  Its 
open  bomb  bay  doors.  These  early  radar  flight 
tests  are  significant  to  radome  development 
historically  because  they  not  only  served  as  the 
beginning  of  airborne  microwave  radar  use,  but 
also  pointed  out  the  need  for  radomes  to  stream¬ 
line  and  protect  the  radar  antenna. 

The  introduction  of  the  microwa.ve  magnetron 
into  the  United  States  by  the  Tlzard  mission2 
from  the  United  Kingdom  In  August  of  1940 
touched  off  the  tremendous  development  in  this 
country  of  microwave  radar,  destined  to  mean 
much  in  the  defeat  oi  the  Axis  powers  in  World 
War  II.  The  magnetron  provided  the  initial 
solution  to  the  generation  of  pulsed  microwave 
energy  In  sufficient  power  levels  to  be  practi¬ 
cable  for  military  radar  purposes. 

To  exploit  its  potentialities,  immediate  ar¬ 
rangements  were  made  by  the  National  Defense 
Research  Council  (NDRC)  of  the  Office  of  Scien¬ 
tific  Research  and  Developments  undertake  the 
further  radar  research  and  development  work 
necessary  to  bring  microwave  radar  into  being. 
2>  3  The  Radiation  Laboratory  was  organized  at 
the  Massachusetts  Institute  of  Technology  under 


NDRC  sponsorship,  where  active  research  began 
on  10  November  1940.  This  laboratory,  working 
In  cooperation  with  laboratories  in  the  United 
Kingdom,  industrial  and  university  laboratories 
of  the  United  States. as  well  as  Military  Sanriro 
laboratories  throughout  the  land,  was  destined 
to  make  an  Incalculable  contribution  to  the  war 
effort  of  the  allied  powers. 

Exploitation  of  the  new  microwave  magnetron 
tube,  with  Its  many  potentialities  In  the  radar 
field,  then  began  without  delay.  Major  efforts  to 
develop  the  new  microwave  radar  took  place  at 
tlie  Radiation  Laboratory  and  in  Industrial  and 
government  laboratories,  resulting  in  a  number 
of  different  experimental  radar  equipments 
being  brought  out  for  experimental  flight  testing 
and  ultimate  usage  almost  simultaneously. 
These  will  be  touched  on  briefly  In  the  para¬ 
graphs  to  follow. 

1-4.  Early  Experimental  Uses  of  Radomes 

What  Is  believed  tc  be  the  firut  use  of  radomes 
in  actual  flight  was  a  test  demonstration  for  the 
AAF  of  an  experimental  version  of  Western 
Electric  SCR-519  airborne  radar  *  It  was  op¬ 
erated  from  a  B-18A  airplane.  In  the  early 
spring  of  1941.  See  Figure  1-1.  These  flights 
were  operated  out  of  Mitchell  Field,  N.Y.,  flying 
against  Ambrose  Lightship,  off  Long  Island,  as 
a  radar  test  target.  A  number  of  successful 
flights  were  achieved.  In  which  the  radar’s 
ability  to  locate  bombing  targets  and  to  guide 
bombing  runs  was  compared  directly  with  the 
performance  of  the  famous  Norden  optical  bomb- 
sight.  The  results  obtained  on  these  flights  in¬ 
dicated  that  the  radar  could  be  developed  Into 
a  powerful  tool  for  military  bombing  operations. 
These  first  runs  out  of  Mitchell  Field  further 
demonstrated  the  practicality  of  using  radomes 
for  streamlining  and  protecting  the  radar  an¬ 
tenna.  The  radome  used  on  these  early  flights 


was  a  hemispherical,  thln-wall  nose  radome  of 
plexigtas-Iike  material,  built  in  the  experimental 
shops  at  Wright  Field.  It  was  given  a  frosting 
treatment  to  make  it  opaque  lor  security 


The  above  operation  was  carried  out  cooper¬ 
atively  by  project  engineers  of  the  Signal  Corps 
Aircraft  Radio  Laboratory  at  Wright  Field  and 
of  the  Beil  Telephone  Laboratory  at  Whippany, 
N.  J. 

Hie  first  experimental  airborne  microwave  A1 
(Aircraft  Intercept)  radar  equipment,  developed 
aRdassembled  by  the  Radiation  Laboratory,  was 
put  into  operation  on  the  roof  top  of  the  labora¬ 
tory  in  Cambridge  on  4  January  1941. 2  The 
first  successful  flight  test  of  this  equipment 
was  conducted  in  a  B-18  airplane  and  is  believed 
to  have  been  flown  out  of  Bedford  Airport  on  10 
March  1941.  This  flight  resulted  in  what  is 
believed  to  be  the  first  detection  of  airplanes 
with  an  airborne  microwave  radar.  Ranges  up 
to  approximately  five  miles  were  obtained  on 
this  first  AI  flight.  Still  better  results  quickly 
followed.  Although  no  definite  statement  has 
been  found  on  the  type  of  radome  used  in  this 
specific  flight,  there  is  a  general  indication  that 
the  earliest  airborne  radar  flights  by  Radiation 
Laboratory  (MIT)  used  hemispherical  plywood 
radomes.  Since  these  radomes  were  all  oper¬ 
ating  at  microwave  frequencies  in  the  S-Band 
(3  kllomegacycles)  andwere  only  approximately 
one-quarter  inch  in  thickness,  it  is  clear  that 
they  were  operating  as  thin-wall  radomes,  and 
hence  did  not  yet  require  careful  electrical 
design.  ' 

Two  experimental  Navy  airborne  radoide  in¬ 
stallations  at  this  time  are  alBO  notable.  \The 
first  is  an  experimental  installation  of  an  "ASD" 
Radar  with  18-inch  parabolic  dish  antenna  in¬ 
stalled  on  a  PB-1  carrieh-based  bomber  late 


in  1941.2  The  other  is  an  "ASC"  radar  instal¬ 
lation  in  the  Navy  PBM  airplane  In  January 
1942. 5  Details  of  the  radomes  of  these  two 
installations  are  lacking. 

Other  early  flight  tests,  using  a  plexiglas-type 
radome  similar  to  that  used  in  the  Long  Island 
flights,  were  conducted  out  of  McDill  Field,  Fla., 
in  January,  February, and  Marchof  1942.  These 
flights  again  used  an  experimental  version  of 
the  SCR -519  radar,  but  with  a  new  bombing 
computer.  Some  100  bomba  were  dropped  on 
test  targets  off  Tarpon  Springs. 

1-5.  First  Crash  Program  in  Microwave  Radar 

The  first  crash  development  program  for 
microwave  radar  equipment  to  be  used  in  actual 
military  operations  by  the  AAF  was  the  con¬ 
struction,  by  Radiation  Laboratory,  of  15  S-Band 
(3  kilomegacycles)  AI  radar  equipments,  which 
were  installed  in  the  earliest  experimental 
models  of  the  Army  Air  Force  P-61  "Black 
Widow"  night  fighter  in  mid-1941.  Two  addi¬ 
tional  installations  of  this  AI  radar  were  alBo 
made  about  the  same  time  in  A -20  attack 
bombers ,  one  of  which  was  detailed  in  September 
1941  to  Bell  Telephone  Laboratory,  where  its 
radar  equipment  served  as  the  predecessor  of 
the  future  SCR -520  and  SCR-720  AI  radars.2 
The  SCR-720  was  destined  to  become  standard 
for  production  installations  in  the  P-61  in  1943. 
See  Figure  1-2. 

Thin-walled  plywood  radomes  were  applied  to 
Navy  PT  boats  during  this  same  period.  For 
the  most  part,  they  were  built  by  the  United 
State  Plywood  Corporation.  These  radomes 
served  as  the  prototypes  for  a  whole  series  of 
similar  aircraft  radomes  that  were  to  follow 
soon  after.  , 


1-6.  Trend  Away  from  Plywood  Radomes 

Plywood  radomes  were  UBed  extensively  ai 
thlB  time  for  fixed  radar  Installations  on  labo¬ 
ratory  roof  tops.  Such  radomes  ranged  in  dia¬ 
meter  up  to  10  feet  or  more.  Most  of  these 
were  built  by  the  United  States  Plywood  Corpo¬ 
ration.  In-service  electrical  performance  de¬ 
ficiencies  with  the  plywood  material  were  scou 
encountered,  however,  particularly  where  ex¬ 
perimental  laboratory  propagation  measure¬ 
ments  were  being  made  through  radomes.  These 
studies  quickly  demonstrated  plywood’s  unde¬ 
sirable  moisture  absorption  tendencies.  Mois¬ 
ture-content  variations  with  changes  in  weather 
were  found  to  produce  severe  variations  in 
electrical  energy  transmission  through  the 
radome  walls.  Efforts  at  rectifying  these  mois¬ 
ture  difficulties  took  several  forms.  One  ap¬ 
proach,  giving  limited  benelits,  was  to  apply  a 
thin  overlay  of  resin-impregnated  glass  fabric 
to  the  outer  surfaces  of  these  plywood  radomes 
to  serve  as  a  moisture  barrier.  (This  was  done 
in  1942,  and  is  believed  to  be  the  first  use  of 
glass  fabric  In  radome  construction.)  A  second 
approach  was  to  build  radomes  of  a  new  poly¬ 
styrene  foam,  using  a  solvent  spray  process. 
This  latter  approach  produced  radomelk  of  good 
electrical  performance  but  rather  poor  resis¬ 
tance  to  heavy  physical  stresses.  The  Blue 
Hills  Observatory  (near  Boston)  successfully 
used  .polystyrene  foam  radomes  of  this  vintage 
for  a  number  of  years.  A  third  approach  to 
avoiding  the  moisture  difficulties  of  plywood 
was  to  mold  the  radome  of  phenollc-resbi  im¬ 
pregnated  cotton  fabric  (canvas).  Elliptical 
radomes  of  this  type  were  used  in  the  wing 
nacelles  of  some  of  the  early  Navy  Installations 
of  A1A  X-Band  (10  kilomegacycles)  Aircraft 
Interception  radars. & 
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1-7.  Other  Early  Radome  Applications 

Another  series  of  B-18  aircraft  experimental 

flights  Mniim  nut  nf  Tjtnalpv  Field.  Va..  in 

March  1942,  using  Radiation  Laboratory’s  DMS-1 
and  DMS-10  radar  systems  (3  kilomegacy  :les). 
These  experimental  radars  ultimately  served 
as  the  prototypes  ior  the  Navy's  successful  and 
widely  used  ASG  air-to-surface  type  radars.® 
Details  of  the  specific  radomes  used  are  lacking, 
but  since  these  were  flights  of  Radiation  Labo¬ 
ratory  equipment,  they  were  probably  of  plywood. 

The  equipping  of  Navy  blimps,  early  in  1942, 
for  antisubmarine  warfare  initiated  what  is 
probably  the  first  use  of  microwave  radar  on 
llghter-than-alr  ships.  They  were  of  cylindrical 
plywood  construction,  by  Vidal,  and  were  of  the 
simple,  thln-wall  type  operating  In  the  S-Band 
(3  kllomegacyclee).  No  important  electrical 
design  problems  were  recorded,  probably  due 
to  the  fact  that  the  radome  walls  wero  only  about 
4  percent  of  the  wave  length  in  thickness.  The 
only  recognized  design  problems  of  this  series 
of  radomes  appear  to  have  been  physical  rather 
than  electrical  in  nature.® 

The  first  operational  Navy  installation  in  air¬ 
planes  was  that  of  the  ASG  S-Rand  radar  in  the 
PB4Y-1  airplane  about  mid- 1942  or  early  1943. 
The  radome  used  in  this  installation  was  the 
predecessor  to  the  still  active  CW30/AP 
radome.® 

1-8.  Centers  of  Military  Radome  Development 
During  and  After  World  War  0 

During  the  early  period  of  radome  develop¬ 
ment,  extending  from  1942  to  1944,  military  In¬ 
terests  in  radomes  were  centered  in  three 
principle  locations: 

1.  Radiation  Laboratory,  (Massachusetts 
Institute  of  Technology)  Division  14,  Group 
54,  represented  by  Mr.  E.  B.  McMillan 

2.  Signal  Corps  Aircraft  Radio  Laboratory 
(Wright  Field),  represented  by  Major 
A.  R.  John 

3.  Naval  Air  Materiel  Center  (Bureau  of 
Aeronautics),  represented  by  Commander 
V.  H.  Soucek 

Radiation  Laboratory  representation  by  Mr. 
McMillan  continued  until  the  close  of  that  Labo¬ 
ratory  in  the  Spring  of  1948.  Captains  R.  E. 
Long  (1944)  and  Fred  H.  Behrens  successively 
continued  the  representation  of  the  Army  Air 
Forces  in  the  old  Systems  Engineering  labo¬ 
ratory  at  Wright  Field.  The  Naval  Air  Materiel 


X 

Center's  representation  waX covered  succes¬ 
sively  thereafter  by  Lt.ComdrX.r.  Harris,  Lt. 
Comdr.  A.  J.  Stanzlano.Mr.  E.  J.  SopUeben,  and 
Mr.  Joseph  Ambroei.  Later,  when's.the  need 
arose  for  large  ground  radar  installations  with 
radome  protection,  a  radome  group  was  (bxpned 
at  the  USAF  Rome  Air  Development  Cenrejr, 
which  was  represented  continously  from  this 
beginning  of  its  activity  to  the  present  day  by 
Mr.  C.  S.  Beal. 

1-9.  Origin  of  the  Term  "Radome" 

It  is  of  Interest  that  the  term  "radome”  has 
come  to  be  used  to  denote  all  types  of  radar 
antenna  dome  covers.  The  term  has  its  origin 
in  a  War  Production  Beard  meeting  early  in 
1942.  It  is  a  contraction  of  the  words  radar 
dome,  and  was  suggested  first  by  Major  A.  R. 
John  of  the  Signal  Corps’  Aircraft  Radiation 
Laboratory  (Wright  Field).® 


\ 
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1-10.  "Dumbo"  Pathfinder  Crash  Program 


The  first  experimental  flight  tests  of  the  new 
X-Band(10  kilomrgacycles)  radars  over  North¬ 
ern  Ireland,  beginning  in  March  1942,  led  to  the 
first  crash  installation  program  of  these  radars 
in  the  noses  of  the  "Dumbos"  (B-24  "Liber¬ 
ators")  by  the  Army  Air  Forces  in  late  1942, 7 
These  were  the  "pathfinders"  for  the  Eighth 
Air  Force,  whose  exploits  over  Europe  during 
World  Warn  are  well-known.  (The  term  "path¬ 
finder"  here  refers  to  the  use  of  a  single  radar- 
equipped  bomber  to  lead  a  whole  formation  of 
non-radar-equipped  bombers  for  "Bombing 
Through  the  Overcast.") 


The  radomes  initially  used  on  these  "Dumbo" 
pathfinders  were  of  two  principal  types,  Some 
were  of  the  earlier  urea-bonded  plywood  con¬ 
struction,  whereas  most  of  the  remainder  were 
of  glasB  cloth  laminated  construction.  All 
radomes  in  these  airplanes  were  of  hemispheri¬ 
cal  type  with  fixed  mountings. 


1-11.  Origin  of  the  Radome  Electrical  Design 
Problem 


The  pathfinder  program  was  scarcely  under 
way  before  lt  came  near  foundering  from  severe 
radome  wall  reflection  reaction.  Severe  mag¬ 
netron  frequency  pulling  nearly  put  the  equip¬ 
ment  out  of  operation.  Even  careful  adjusting 
of  the  scanner  axis  to  near  coincidence  with  the 
radome  axis  did  not  entirely  correct  this  dif¬ 
ficulty.  It  was  evident  that  the  Importance  of 
minimizing  reflections  through  keeping  the 
radomewalls  thin, with  respect  to  a  wavelength, 
had  not  yet  been  fully  appreciated.  The  neces- 
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sity  for  a  rational  basis  and  procedure  for 
electrical  design  was  clearly  demonstrated.® 

-  .  ■-  -  -w  -  --  - 

The  firs!  correction  of  the  reflection-pulling 
difficulty  partially  side-stapped  the  electrical 
design  issue  with  the  use  of  low  dielectric  con¬ 
stant  materials.  With  only  3  weeks  left  before 
scheduled  pathfinder  use  in  major  operations,  a 
quick  switch  was  made  to  a  new,  relatively  un¬ 
tried,  polystyrene  fiber  material  developed  by 
the  Dow  Chemical  Corporation.  A  shrink¬ 
molding  process  was  worked  out  cooperatively 
among  representatives  of  the  Radiation  Labo¬ 
ratory,  Dow  Chemical  Corporation,  and  the 
Virginia  Lincoln  Company,  fabricators  of  the 
new  radomes.  This  hurried  switch  to  the  new 
'‘polyfiber”  construction  was  accomplished  on 
schedule  and,  surprisingly,  with  a  great  deal  of 
success.  This  polyfiber  construction  was  rela¬ 
tively  weak  structurally,  but  it  had  a  toughness 
property  that  served  It  In  good  stead  In  the  op¬ 
erations  over  Europe,  where  it  was  able  to  re¬ 
sist  tearing  and  shattering  from  antiaircraft 
flak  penetration  under  conditions  where  other 
constructions  failed.® 

In  the  meantime,  another  shrink- molded  poly¬ 
styrene  material  called  "plax”  was  being  de¬ 
veloped  for  the  A1A  radar  by  the  Naval  Aircraft 
Factory.  Radomes  of  this  material  were  to  have 
been  made  up  of  laminations  of  stretched  “plax” 
sheets.  A  unique  material  development  resulted, 
but  Its  rather  high  dielectric  constant  retarded 
Its  extensive  use  at  this  early  stage  in  radome 
development. 

1-13.  Beginnings  of  Radome  Research 

The  difficulties  of  the  pathfinder  radome  In¬ 
stallations,  in  late  1942,  provided  a  major  im¬ 
petus  to  the  full  recognition  of  the  electrical 
problems  of  radome  design  and  to  the  need  for 
development  of  a  rational  and  generalized  theory 
of  design  for  the  future.  The  Radiation  Labo¬ 
ratory  organized  a  substantial  Radome  Develop- 
mentGroup(Group  54  In  Division  14)1  or'  a  major 
component  development.  The  half-wave  wall 
design,  as  a  means  of  curtailing  radome  re¬ 
flections,  was  an  early  contribution.  The  many 
advances  in  radome  technology  that  resulted 
from  this  group’s  efforts  over  the  next  few 
years  still  stand  as  a  monument  to  the  soundness 
of  Us  pioneering  work.®  This  group’s  principal 
works  were  initially  published  in  a  series  of  26 
Radiation  Laboratory  Bulletins,  Series  483, 
dating  from  December  1943  to  March  1946. 

1-14.  AAK  Interests  in  Expanded  Hardboard 


Forces  sponsored  the  development  erf  forming 
and  application  techniques  for  use  of  a  new 
tough,  rigid,  low  density,  low  refractive  index, 
Cellular,  rColn luuuer  material 
called  "SS  expanded  hardboard. ”6,®  This 
material  was  developed  by  the  United  StateB 
Rubber  Company,  and  was  fabricated  by  drawing 
the  hardboard  over  a  male  mandrel.  A  number 
of  different  SS  hardboard  radomes  were  designed 
with  half-wave  walls  by  the  Army  Air  Forces 
for  operation  in  X-Band  (10  kmc)  bomber  radar 
installations.  In  addition,  some  thin-wallS-Band 
radomes  were  designed  for  use  in  cargo  air¬ 
planes.  These  SS-expanded  hardboard  radomes 
served  usefully  for  some  time.  Cold  weather 
operation,  however,  so  embrittled  the  material 
that  ejected  shell  cases,  falling  rearward  from 
the  bomber's  forward  gun  turrets,  inflicted 
severe  Impact  failures  and  brought  about  the 
ultimate  discontinuance  of  this  material  in  ra¬ 
dome  manufacture.  It  also  was  found  to  be  at¬ 
tacked  by  solvents  used  around  aircraft.®  This, 
too,  contributed  to  its  replacement. 

1-15.  ‘ ‘ B ombi  ng  Through  the  Overcast' 1 
Operations 

In  mid-1943,  the  secunl  major  AAF  radome 
crash  program  at  Wright  Field  went  Into  effect. 
This  program  called  for  the  equipping  of  a  con¬ 
siderable  number  of  B-17  bombers  with  retrac¬ 
table  radomes  of  the  hemispherical  type.  These 
installations  were  made  for  the  new  AN/APQ-13 
and  AN/APS- 15  X-Band  radars  intended  for  the 
AAF' s  "Bomhing  Through  the  Overcast”  cam¬ 
paign.7  The  radomes  used  were  largely  of  glass- 
fabric  laminated  construction,  as  fabricated  by 
the  Virginia  Lincoln  Corporation  using  resins 
manufactured  by  Columbia  (Pittsburgh  Plate 
Glass  Company)  and  the  Bakelite  Corporation. 
Other  versions  of  these  radomes  were  fabricated 
by  Crosley  Marine  Company,  Swedlow  Plastics 
Company,  and  the  United  States  Rubber  Company. 
These  other  versions  included  'some  of  poly¬ 
styrene  fiber  construction. 

1-16.  Earliest  Efforts  at  Streamlining  Radomes 

The  wing-pod  radome  on  the  Navy’s  F6F-3N 
fighter  airplane,  Figure  1-3,  represents  one  of 
the  early  attempts  (1943)  tostreamline  radomes. 
This  wing-pod  radome  was  made  slightly  ellip¬ 
tical  in  a  design  by  Grumman  Aircraft  Engi¬ 
neering  Corporation,  It  housed  an  A1A  radar 
antenna. 

1-17.  Double-Wall  Radomes 

The  so-called  double-wall  construction,  con¬ 
sisting  of  .wo  concentric  thin-wall  radome 
skins  air-spaced  from  one  another  by  approxi- 


Looking  forward  In  early  1943  to  a  greatly  in¬ 
creased  use  of  airborne  radar,  the  Army  Air 
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Figure  f—  i.  Semtatreamllrmd  Rethme  m  the  GriMNoan  F4F-3N  (By  pemtoolon  of  Grumman  Aircraft  Engineering  Carp.) 


mutely  one-quarter  wavelength,  was  tried  for  r. 
time,  at  the  suggestion  of  Die  Radiation  Labo¬ 
ratory.  The  use  of  two  air-spaced  thin  walls 
provided  a  means  of  neutralizing  the  excessive 
reflections  common  to  Bingle  thin- wall  radomes 
without  the  weight  compromise  of  using  the  half¬ 
wave  wall.  A  number  of  cylindrical  radomes  of 
this  type  were  built  for  use  in  Navy  blimps.8 
Similarly,  a  trial  model  of  this  construction  was 
built  by  the  AAF  for  use  In  the  B-24  bomber.  8 
A  semistreamlined  version  of  this  construction 
was  used  In  1942  on  the  PBM  patrol  seaplane, 
with  the  ASG  radar.  These  air-spaced  sandwich 
radomes  were  not  widely  used,  however,  because 
of  mechanical  difficulties.  Nevertheless,  they 
served  a  most  useful  purpose  In  that  they  sparked 
the  development  of  the  three- layer  "A"  sandwich, 
which  was  to  replace  it.  The  double- wall  con¬ 
struction  found  another  use  (1944)  on  the  AN/ 
APQ-7  “Eagle”  radar  vane-type  antenna  (see 
Figure  1-4),  where  the  open  spaces  between  the 
rib-spaced  double  walls  were  used  as  hot-air, 
ducts  for  thermal  anti-icing  purposes. 

1-18.  Development  of  the  Three-Layer  “A” 
Sandwich  . . 

Radiation  Laboratory,  in  1943  and  1944,  de¬ 
veloped  the  electrical  design  for  the  “A”  sand¬ 
wich,  three-layered  radome,  as  it  is  generally 
known  today.8  The  “A”  sandwich  construction 
utilized  strong  but  dense  skins  of  gla3s-fabrtc 
laminates,  spaced  and  bonded  to  a  low  density 
cellular  material  used  as  core.  This  construc¬ 
tion  not  only  provided  the  reflection  neutraliza¬ 


tion  sought  In  the  double-wall  construction  that 
proceeded  it,  but  also  provided  a  strong,  light¬ 
weight  structure  ideal  for  aircraft  application. 
The  high  strength/weight  ratio  of  this  construc¬ 
tion  was  the  prime  incentive  behind  the  general 
adoption  of  sandwich  construction  for  radomes 
by  early  1944.  The  first  aircraft  radome  sand¬ 
wiches  used  polystyrene  fiber  material  as  cores 
with  laminated  glass-fabric  skins.  By  early 
1944,  hemispherical’ ‘A”  sandwich  radomes  had 
been  Installed  by  Radiation  Laboratory  on  Navy 
Pr  boats.  These  were  adhesive-bonded,  cel¬ 
lular  acrylonitrile  (Hyear),  expanded  hard  rubber 
cored  sandwiches.  It  was  soon  found  that  this 
Hyear  rubber  core  material  tended  to  Inhibit 
the  curing  of  the  laminating  resins  used  in  the 


Figure  1-4.  ''Eagle"  Vena  Antenna  and  Radome  kttaUaHon 
hr  the  AH/APQ-7  Rodor  (Official  Air  Force  photo} 
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Figura  F  —5.  Alrornbs  Orly -Warning  Radon*  InHallotton  on  tho  Nmry't  Grvrnm on  AF-2W 
(By  pmrmlnilon  of  Grumman  AfrcraH  Eng  In  taring  Carp.) 


glass  fabric  skins.  This  undesirable  property 
contributed  to  a  difficult  and  time-consuming 
fabrication  process.  With  the  development  in 
1944  by  Radiation  Laboratory  o i  a  catalyst 
coating  treatment  for  the  cellular  Hycar  core 
material,  a  single- cycle,  wet- lay-up  process 
lor  sandwich  construction  was  evolved.  This 
improvement  considerably  accelerated  the  use 
of  Hycar  sandwich  radomes  throughout  the  re¬ 
mainder  of  World  War  II. 6  This  success  was 
tempered  somewhat  by  an  undesirable  tendency 
of  expanded  Hycar  to  collapse  occasionally  under 
molding  pressures,  with  resultant  high  rejection 
rates  in  production. 8  (it  is  interesting  to  note 
that  British  research  simultaneously  produced 
another  sandwich  radome  construction  using 
sheet  methylmethacrylate  skins  with  a  foain 
core  of  the  same  substance.)^ 

1-19.  Adoption  of  Sandwich  Radomes 

The  general  acceptance  of  sandwich  construc¬ 
tion  for  military  aircraft  radomes  was  chiefly 
pioneered  in  1943-1944  by  a  development  com¬ 
petition,  sponsored  by  the  Bureau  of  Aeronautics, 
for  a  large  radome  for  theTBM  torpedo  bomber, 
which  was  being  equipped  with  the  AN/APS-20 
aircraft-early-warning  radar.  This  competition 
pitted  the  Naval  Aircraft  Factory’s  rib-rein¬ 
forced,  single-wall  radome  design  against  an 
"A”  sandwich  design  developed  at  Radiation 
Laboratory.  The  weight-saving,  flight-stability, 
and  rigidity  advantages  found  in  the  sandwich 
version  of  this  radome  firmly  established  the 
“A"  sandwich  construction  as  standard  for  a 
considerable  period  of  time.®  A  model  of  this 
radome  on  the  Navy  AF-2W,  in  1950,  is  illus¬ 
trated  in  Figure  1-5. 


1-20.  The  Semistreamhncd  Blister  Radome 

By  late  1944,  strong  pressure  was  applied  to 
reduce  the  aerodynamic  drag  penalty  of  radomes 
through  streamlining.  With  electrical  design 
aid  from  the  Radiation  Laboratory,  both  AAV 
and  Navy  brought  out  new  designs  for  ej mi- 
streamlined  blister  radomes  for  fixed  mounting 
on  existing  aircraft,  replacing  the  old  hemis¬ 
pherical  fixed  and  retractable  radomes.  These 
efforts  were  highly  successful  and  established 
the  trend  toward  flush-laired  radome  lofting. 
The  AAF  semlstreamlined  blister  radome  for 
the  AN/APQ-13  radar  on  the  B-29  airplane  8 
illustrated  in  Figure  1-6  is  a  good  example. 

1-21.  Polystyrene  Fiber  K-Band  Radomes 

What  is  believed  to  be  the  earliest  K-Band 
(24  kllomegacycles)  half-wave  wall  radomes  of 
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polystyrene  fiber  construction  were  developed 
al  Radiation  Laboratory  in  1944.®  Shortly  there¬ 
after  a  few  simitar  rp.derr.es  were  designed  auu 
built  by  the  AAF  for  use  on  its  B- 17  and  B-29 
aircraft  for  experimental  K-Band  radar  insalt- 
latlons.®  At  K-Band  frequencies,  thickness 
tolerances  were  found  quite  critical.  This  led 
to  the  development  by  Radiation  Laboratory  of 
what  is  believed  to  be  the  first  K-Band  interfer¬ 
ometer  for  use  in  sensing  electrical  thickness 
variations. 

1-22.  The  Honeycomb  Sandwich 

With  the  development  at  Wright  Field  in  1944 
of  a  resin-impregnated,  glass-fabric  based, 
honeycomb  sandwich  construction  for  airframe 
components,  the  use  of  honeycomb-cored  “A” 
sandwich  radomes  was  successfully  tried.  ®>® 
(See  Figures  8-1  and  8-8  of  Chapter  8,  “Organic 
Materials  and  Radome  Construction.")  Despite 
some  rather  considerable  advantages  over  its 
Hycar  rival,  this  construction  did  not  achieve 
general  popularity  for  radome  use  until  after 
the  end  of  World  War  n. 

1-23.  Knitted-Sock  Laminated  Radomes 

In  early  1948  the  first  use  of  laminated  radomes 
of  glass  yarn,  knitted  Into  contour-formed  socks, 
was  Introduced  to  provide  a  rapidly  producible, 
pressurized,  thin- wall  radome  for  theAN/APS-4 
X- Band  Radar.  8  These  radomes,  developed 
Jointly  by  Bell  Telephone  Laboratories,  Radia¬ 
tion  Laboratory,  and  Andover  Kent,  were  In¬ 
stalled  on  a  small  cigar-shaped  radar  unit 
carried  outboard  on  the  bomb  racks  of  fighter 
aircraft.  Although  the  knitted-sock  construction 
avoided  the  need  for  hand  lay-up  of  lapped-gore 
laminations,  It.  produced  a  construction  that  was 
much  weaker  structurally  than  the  woven- glass 
fabric  laminate  radomes.  Undoubtedly,  the 
stretching  of  knitted  socks  of  this  type  over 
molding  mandrels  brought  about  some  uneven 
distribution  of  the  glass  material  In  the  radome 
walls,  but  these  difficulties  were  not  found 
serious  for  the  radars  of  this  early  vintage. 
(This  use  of  contour-knitted  socks  is  an  inter¬ 
esting  predecessor  to  the  contour -woven,  glaBs- 
fabric  laminate  radome  construction  currently 
being  considered  for  guided  missile  applica¬ 
tions.) 

1-24.  Earliest  Efforts  at  Unified  Antenna- 
Kadome  Design 

The  first  Important  departure  from  the  gener¬ 
ally  round  paraboloid  reflector-and-feed  type 
antenna  with  associated  round  blister  radome 
came  early  in  1945.  Considerations  of  still 
furtheraerodynamlc  drag  reduction  on  the  B-29 
bomber  sparked  the  development  of  a  new  scan¬ 


ner- radome  configuration.®. 8  Radiation  Labo¬ 
ratory,  collaborating  with  the  Boeing  Airplane 
Company,  lievcuipea  a  uroad  out  shallow  snow- 
shovel-like  scanner  and  an  associated  broad 
flat  turtle-shell-like  sandwich  radome  to  replace 
the  original  round  AN/Aljy- 13  radar  scanner 
and  semistreamiined  radome.  The  flat  radome 
operated  at  unusually  tdgh  angles  of  incidence 
for  those  days.  Its  development  required  much 
effort  and  care  in  both  design  and  fabrication 
(see  Chapter  3,  “Search  Radome  Design"),  but 
served  usefully  to  expedite  aircraft  and  radar 
development  thinking  toward  the  fully  faired- in 
radome  designs  yet  to  come.  Thin  early  action, 
aimed  at  the  coordinated  design  of  scanner  and 
radome  as  a  unit,  represents  one  of  the  first 
recognitions  of  the  Intimate  relationships  that 
should  exist  between  antenna  and  radome 
developments, 

1-25,  Unification  of  Airframe  and  Radar- 
Radome  Design 

The  development  of  the  jet  bombers  initiated 
the  first  major  AAF  efforts  to  integrate  radar 
and  radome  installations  Into  the  initial  design 
planning  of  Military  aircraft,  rather  than  to 
continue  facing  the  compromising  problem  of 
adding  radar  to  finished  airplanes  after  primary 
design  has  been  made  firm.  A  delegation  ol 
radar  system  engineers,  antenna  engineers,  and 
radome  engineers  from  Bell  Telephone  Labo¬ 
ratory,  Radiation  Laboratory,'  and  Wright  Field 
was  organized  in  the  spring  of  1945  to  present 
the  case  to  the  aircraft  prime  countractors.® 
Integration  of  radar  and  airplane  planning  was 
accomplished  In  the  cases  ol  the  North  American 
XB-45,  the  Convatr  XB-46,  the  Boeing  XB-47 
and  the  Glenn  L.  Martin  XB-48.  With  *his  ac¬ 
complished  at  the  preliminary  mock-up  stages, 
a  major  step  forward  was  gained  toward  maxi¬ 
mum  Joint  effectiveness  of  radar  and  airplane. 
Much  cleaner  airplane  lines,  (see  Figure  1-7) 
and  correspondingly  better  airplane  perfor  mance 
resulted.  Furthermore,  these  actions  Initiated 
the  current  Air  Force  policy  of  turning  over  to 
Its  prime  contractors  the  responsibility  for 
radome  hardware  development  and  design.  This 
policy  replaced  the  earlier  policy  of  developing 
radomes  in  the  military  service  laboratories 
and  having  them  produced  .ndependently  as 
Government- Furnished  Aircraft  Equipment 
(GFAE).  This  policy  change  was  necessitated 
by  recognition  of  the  excessive  coordination 
difficulties  that  would  accompany  this  Integra¬ 
tion,  If  the  former  GFAE  policy  were  to  be  con¬ 
tinued. 

1-28.  Nacelle  Lining  Absorbers 

Mi  c  r o wave  abs  orbe  r  sc  ree  ns  ca  me  lnt o  g e  nc  r al 
aircraft  use  for  radar  scanner-nacelle  lining 
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North  Amotlcon  B -45  With  Chin  kado  .  -  xomplitylng.tho  Trond  to  F  lu  ib  -F  a  i  r  iny  of  tho  Rod omo 
Into  tho  Altplano  Loft'Llnoo  (OHlclol  Air  Fotco  photo) 
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more  or  less  coincidentally  with  the  Integration 
of  antennas  and  radomes  into  airplane  designs. 
Absorber  liners  in  aircraft  were  first  used  In 
certain  areas  of  theradome  to  mask  off  regions 
contributing  to  undesired  ground-clutter  pick-up 
and  toavoid  undesired  fuselage  reflection  inter¬ 
ference.6  Use  of  such  absorbers  was  soon  ex¬ 
tended  to  the  complete  lining  of  the  metal  areas 
of  the  antenna  nacelle  to  eliminate  interference 


from  the  bulkhead  and  other  structural  mem¬ 
bers.®  The  old  Harp  materials,  designated 
MX  410/AP  (X-Band,  lu  kune)  and  MX  355/AP 
(S-Band,  3  kmc),  were  used  most  frequently  for 
these  purposes. 


1-27.  Recognition  of  the  Role  of  Phase  Delay 
in  Radomes 


The  role  of  insertion  phase  delay  in  radome 
design  was  early  recognized  by  Radiation  Labo¬ 
ratory  in  its  design  of  the  BUPX  radar  beacon 
antenna  housing  in  1944.  The  antenna  was  em¬ 
bedded  in  a  streamlined  block  of  hard  rubber 
foam.  Internal  phase-equalization  was  accom¬ 
plished  by  boring  holes  in  the  foam  in  judiciously 
chosen  sizes  and  locations.  The  foam  structure, 
after  boring,  was  then  covered  with  a  thin, 
glass-fabric  laminate,  skin  to  gain  service  dur¬ 
ability.  This  design  was  extensively  used  for  h 
number  o i  years. 6  Radiation  Laboratory,  in 
publishing  its  research  in  194C  on  polarization 
effects  at  grazing  incidence,  not  only  satisfac¬ 
torily  explained  many  of  the  then  recognized 
difficulties  in  radome  design,  but  also  anticipated 
many  of  the  polarization  problems  destined  to 
beset  the  supersonic  streamlined  radomes' of 
today. 


1-28.  The  “B”  Sandwich 

McMillan,  Redheffer,  and  Lcaderman  continued 
polarization  research  during  and  after  the  Radi¬ 
ation  Laboratory  closed,  and  published,  in!948, 


their  theories  of  the  “B”  sandwich  (reversed- 
order,  three-layer)  radomes.®  The  "B”  sand¬ 
wich,  having  its  high  dielectric  constant  mate¬ 
rials  sandwiched  between  outer  matching  layers 
of  lower  dielectric  constant  materials,  offers 
some  distinct  electrical  design  advantages  (see 
Chapters  2,  5,  8,  9,  and  13). 

1-29.  Onset  of  the  Rain  Erosion  Problem 

In  mid- 1945  the  D-29  bombers  operating  out 
of  the  Marianna  Islands  against  Japan  uncovered 
anew  and  major  radome  problem. 11  Frequently, 
upon  return  from  missions,  the  leading  edge 
radome  of  the  AN/APQ-7  (Eagle)  vane-scanncr 
(see  Figure  1-4)  had  completely  disintegrated. 
In  many  cases,  only  the  mounting  rims  and  a 
few  remnants  of  the  core- spacing  ribs  remained. 
The  cause  of  this  damage  was  not  immediately 
apparent,  since  many  of  the  damaged  radomes 
had  not  been  exposed  (o  any  known  collision, 
flak,  hall,  or  other  damaging  exposure.  For  a 
time  it  was  thought  to  have  been  caused  by  loose 
grit,  kicked  up  off  the  runways  during  takeoffs 
and  landings.  Investigation  showed  that  frequent 
encounters  with  rain  enroute  were  common  to 
these  operations.  It  remained  for  the  Radiation 
Laboratory  and  the  National  Advisory  Committee 
for  Aeronautics,  (NACA),  working  simultane¬ 
ously,  to  establish  conclusive  evidence  that  the 
damage  was  due  to  rain  erosion.  Radiation 
Laboratory  used  an  experimental  whirling  arm 
and  water  spray  set-up  to  test  small  square 
sample  panels  of  radome  materials  in  a  manner 
which  was  a  prototype  of  the  later  whi  rling  arm 
test  facilities  at  Cornell  Aeonautical  Laboratory 
and  elsewhere.  The  NACA  laboratories  at 
Cleveland  demonstrated  the  cause  of  rain  ero¬ 
sion  by  simulating  flights  through  artificial  rain 
in  a  wind  tunnel.  Thus  began  the  still  active 
search  for  rain  erosion  resistant  radome  mate¬ 
rials.  (See  Chapter  7,  "Subsonic  and  Supersonic 
Rain  Erosion.”) 
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1-30.  Termination  of  Radiation _ laboratory 

Activities 

The  Radiation  Laboratory,  alter  a  major  con¬ 
tribution  to  the  radar  and  radome  Me  ids,  a  top  pea 
Its  operations  in  early  1946.2  Its  closing  did 
not  come,  however,  before  an  important  portion 
of  its  achievements  had  been  documented  into 
permanent  book  form.  The  28-volume  shelf  of 
radar  books,  generally  referred  to  as  the  Radi¬ 
ation  Laboratory  Series,”  was  prepared  and 
released  for  publication  through  the  McGraw- 
Hill  Book  Company.  Volume  26,  “Radar  Scan¬ 
ners  and  Radomes,  edited  iiy  Cady,  Korelitz, 
and  Turner,  covers  much  of  the  Radiation  Labo¬ 
ratory’s  radome  development  work.  Other  work 
related  to  radomes  is  contained  in  Volume  11, 
Techniques  of  Microwave  Measurements,  edited 
by  Montgomery.  Following  the  close  of  the 
Radiation  Laboratory,  the  radome  development 
work  formerly  active  there  was  assumed  by  the 
military  radome  development  groups  of  the  A  r  my 
Air  Forces  and  Navy  at  Wright  Field  and  Johns- 
ville,  Pa.,  respectively. 

1-31.  Beginnings  a l  Long  Range,  Post-War 
Radome  Research 

In  the  fall  of  1946  the  Army  Air  Forces  radome 
activity  at  Wright  Field  initiated  a  long  range 
radome  research  and  development  contract  pro¬ 
gram.8  It  was  aimed  at  providing  better  mate¬ 
rials  and  processes  with  which  to  build  the 
radomes  of  the  future.  The  contract  was  with 
the  Goodyear  Aircraft  Corporation  at  Akron, 
Ohio.  The  scope  of  this  early  contract  covered 
such  subjects  as  rain  erosion  investigation,  im¬ 
proved  laminating  techniques,  Improvement  of 
the  electrical  pinperties  of  laminating  resins, 
and  development  of  better  core  materials  and 
fabrication  processes. 

The  Goodyear  Aircraft  Corporation’s  rain 
erosion  studies  were  largely  empirical  in  na¬ 
ture.8  A  whirling-arm  rain  erosion  test  ma¬ 
chine  was  built,  and  rain  erosion  testing  opera- 
tionsbegun,  in  January  of  1947.  The  peripheral 
speeds  at  which  the  test  samples  were  carried 
through  water  sprays  were  Initially  120  miles 
per  hour,  but  were  increased  to  2S0  miles  per 
hour  in  March  of  1947  to  reduce  the  amount  of 
test  time.  These  test  operations  quickly  showed 
that  all  reinforced  plastic  radome  materials 
then  current  were  inadequate  for  operation  under 
rainy  weather  flight  conditions.  These  adverse 
findings  initiated  a  comprehensive  effort  to  de- 
velope  rain  erosion  resistance  in  laminated 
materials,  which  at  that  time  vrere  all  porous 
and  opaque.  From  this  effort  there  soon  de¬ 
veloped  the  concept  of  the  voio-free  laminate. 
In  March  of  1947  it  was  found  that  a  void-free 


laminate  exhibited  at  least  eight  times  the  rain 
erosion  resistance  of  a  conventional  voidy  lami¬ 
nate.  By  May  of  1947  methods  had  been  evolved 
to  produce  void-free  laminates,  In  a  reasonably 
repeatable  manner,  so  that  by  February  oi  i»46, 
a  tentative  specification  was  released  to  industry 
to  expedite  its  adoption. 

Investigation  of  rain  erosion  was  begun  shortly 
thereafter  at  the  Cornell  Aeronautical  Laoo- 
ratory,8  where  another  whirling  arm  machine 
was  put  into  operation  at  about  the  beginning  of 
1948.  This  machine  operated  initially  at  a  per¬ 
ipheral  speed  of  250  miles  per  hour,  which  was 
later  increased  to  500  miles  per  hour.  The  pur¬ 
pose  of  this  second  erosion  study  program  was 
to  Investigate  methods  of  testing  for  rain  ero¬ 
sion  and  to  look  into  the  mechanism  of  erosion 
itself.  This  facility  later  became  the  center 
for  most  USAF  subsonic  speed  rain  erosion 
investigations. 

A  series  of  flight  tests  was  conducted  at  Wright 
Field  in  the  Spring  of  1949  uBing  an  F-80  air¬ 
plane  as  the  test  vehicle  to  correlate  laboratory 
rain  erosion  test  data  with  actual  flight  service 
experience.  Numerous  flights  were  made,  at 
speeds  approximating  400  miles  per  hour, 
through  rain.  The  plastic  laminated  nose  cap 
for  the  radio  compass  and  the  plastic  laminated 
vertical  fin-tip  housing  for  the  VHF  command 
radio-link  antenna  were  used  as  test  samples. 
Dramatic  demonstrations  of  the  structural 
damage  inflictable  by  rain  erosion  were  ob¬ 
tained,8  and  from  these  demonstrations  a  good 
test  correlation  resulted,  both  for  bare  laminates 
and  for  the  neoprene-coated  laminates  discussed 
next.9 

1-32.  Adoption  of _ the  Neoprene _ Protective 

Coating 

In  October  of  1948  the  Goodyear  testing  pro¬ 
gram  demonstrated  that  a  neoprene  brushing 
cement  coating,  developed  by  the  Gates  Engi¬ 
neering  Company  of  New  Castle,  Delaware, 
greatly  improved  the  erosion  resistance  of 
radome  laminates.®  It  was  found  that  void- 
free  laminates  coated  with  approximately  10 
mils  of  this  material  yielded  life  expectancies 
nearly  100  times  those  of  bare  laminates.  Un¬ 
fortunately,  however,  it  was  found  that  the  initial 
version  of  this  material  exhibited  a  severe  elec¬ 
trical  energy  absorption  characteristic.  Even 
a  10-mil  thick  coating  reduced  X-Band  Radar 
transmission  through  a  radar  panel  by  as  much 
as  40  percent. 

Through  the  cooperation  of  the  Gates  Engi¬ 
neering  Company,  a  new  loading  substance  was 
substitutedfor  the  original  carbon  loading.  This 


12 


change  in  loading  did  not  alter  the  erosion  re¬ 
sistance,  but  it  decidedly  improved  the  electrical 
properties.  This  early  neoprene  protective 
coating  was  of  the  heat-curing  type,  preceding 
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standard  coating.  Another  similar  .naterial 
designated  23-56  neoprene  coating,  was  later 
placed  on  the  market  by  The  Coodycar  Tire  and 
Rubber  Company. 

1-33.  Research  on  Laminating  Resins 

Goodyear,  under  Its  contract,  also  attempted 
for  a  time  to  modify  existing  laminating  resins 
with  the  object  of  lowering  Iheir  dielectric  con¬ 
stants  and  loss  factors.®  '  While  some  success 
was  achieved,  it  was  found  that  the  gains  achiev¬ 
able  through  further  work  on  the  resins  alone 
did  not  appear  to  bepromlsing  enough  to  warrant 
further  effort.  It  became  clear  that  if  any  sub¬ 
stantial  improvements  in  this  direction  were  to 
be  made,  the  greatest  effort  should  be  applied 
to  lowering  the  dielectric  constants  and  Loss 
factors  of  the  reinforcing  fibers  used  In  the 
laminating  fabric.  This  led  to  a  later  effort  to 
develop  low-diek  .trie-constant  glass  fibers, 
designed  specifically  for  radomes.  Such  a  fiber 
was  developed  and  produced  in  experimental 
quantities  by  Glass  Fibers,  Incorporated,  but 
and  unexpected  finishing  difficulty  deterred  its 
general  adoption. 

1-34.  RDB  Subpanel  on  Radomes 

Shortly  after  the  post-war  research  and  de¬ 
velopment  program  began  to  settle  down,  fol¬ 
lowing  the  dislocations  caused  by  the  end  of  the 
war,  the  Research  and  Development  Board  in 
Washington  organized,  under  its  Committee  on 
Electronics,  a  Panel  on  Radiating  Systems, 
charged  with  general  responsibility  for  antenna 
and  radome  development.®  The  chairman, 
recognizing  the  important  role  of  radomes  in 
antenna  development,  established  the  Subpanel 
on  Radomes  In  the  fall  of  1946.  In  a  reorganiza¬ 
tion  In  1951,  the  Panel  on  Antennas  and  Propaga¬ 
tion  was  formed,  replacing  the  Panel  on  Radiating 
Systems.  The  Subpanel  on  Radomes  was  again 
reconstituted  and  formally  chartered  under  the 
new  panel.  The  radome  aubpanel  was  charged 
with  review  of  the  several  military  services’ 
requirements  and  their  respective  supporting 
research  and  development  programs  to  define 
any  gaps  needing  filling  and  to  avoid  all  un¬ 
necessary  and  undesirable  duplication  of  effort 
among  the  services.  This  subpanel  was  active 
until  February  1954.  Besides  performing  its 
assigned  functions  continuously  through  this 
period,  it  did  much  to  foster  the  appreciation  of 
radome  development  problems  and  to  advance 
radome  research  through  the  sponsoring  of 


technical  sessions  at  a  numbe-  ol  professional 
conventions,  at  which  (ormal  technical  papers 
were  presented.  The  subpanel  further  served  a 
most  useful  function  by  bringing  together  the 
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their  active  cooperation. 

1-35.  Fadome  Engineering  Manna  1 

In  recognition  of  the  general  need  for  a  refer- 
ence  manual  on  radome  design,  the  Army  Air 
Forces  and  the  Navy  Bureau  of  Aeronautics 
cooperated  in  preparing  and  publishing  an  early 
Radorne  Engineering  Manual  issued  in  October 
of  1948.  It  was  designated  both  as  Navaer 
16-45-502  and  as  AMC  Manual  80-4.  This 
manual,  5  however,  covered  only  the  problems 
of  search-radome  design.  By  this  time,  the 
complex  problems  of  designing  radar  gunfire 
control  radomes  and  radomes  for  missile  guid¬ 
ance,  as  well  as  further  problems  associated 
with  the  design  of  radomes  for  use  on  wide  fre¬ 
quency  bands ,  were  being  recognized.  A  t  the  time 
of  the  printing  of  this  first  Radome  Engineering 
Manual,  the  proved  design  techniques  for  these 
latter  applications  were  still  to  fragmentary  to 
be  reduced  to  handbook  form. 

1-36.  <fA"  Sandwich  Foamed- in-  Place  Radomes 

The  desirability  of  foaming  the  core  of  sand¬ 
wich  radomes  in  place  between  premolded  skins, 
in  lieu  of  laying-up  hand-tailored  gores  of  pre- 
foamed  core  material,  was  recognized  as  early 
as  1945.  Using  plastfc  resin  cores  foamed-in- 
place,  the  Navy  produced  for  the  F7F  airplane 
what  were  probably  the  first  usable  foamed- 
in -place  sandwich  radomes. Processing  dif¬ 
ficulties  with  brittleness  and  non- uniformities 
deterred  the  general  adoption  of  the  process  at 
that  time.  Army  Air  Force  efforts  during  this 
period,  to  expand  Hycar  rubber  cores  in  place 
were  not  promising. 

The  early  AAF  radome  development  contract 
with  Goodyear  also  was  charged  with  furthering 
development  of  the  "A”  sandwich  by  foaming- 
in-place.®  After  a  series  of  only  partially 
successful  efforts  at  developing  usable  foam- 
ln- place  materials  and  processes  along  the  lines 
of  the  earlier  work,  the  alicyd  Isocyanate  foams, 
based  upon  German  experiments  with  toluene 
dlisocyanate  foaming  agents,  were  successfully 
developed.  The  first  successful  experimental 
alkyd  isocyanate  foamed  radome  produced  with 
this  process  was  a  14- inch  hemispherical  “A” 
sandwich  radome  built  by  Goodyear  for  an 
Emerson  radar  fire  control  system  intended 
for  tall  Installation  in  the  AAF’s  medium  Jet 
bombers'.  This  radome  was  built  In  July  of  1948. 
Larger  experimental  radomes  of  the  C-54  nose 
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1  tuifl;;  i r at lim  were  surri’^sfullv  (oumed  in  De- 
(■cmticr  1948.  (See  Figure  1-8.)  A  development 
icpuit  revering  the  proees.-.  was  issued  in  [>■- 
rembei  1949,  supplemented  by  successive  1m- 


F/jur.  1-8.  t'jtom pi.  of  Early  Foamtd-ln-Plac,  Radomo  for  tht 
Nota  Inntollatlon  of  an  AN/A  PS-10  Radar  on  Iho  C-S4 
(By  pormlMtlon  of  Goodyear  Aircraft} 


prtn ernent  reports  in  Oi  toiler  1950  and  March 
1952,  Tentative  specifications  (or  the  foam-in- 
place  process  and  material  were  released  in 
Sentemher  1949  A  hum.  m.pSrn  in-... 

conference  was  held  at  the  Goodyear  plant  on  10 
November  1950  for  the  purpose  of  introducing 
the  process  into  th?  radome  industry  generally, 
The  first  At  production  use  of  the  process  was 
on  the  F-89  nose  radome  (see  Figure  1-9)  be¬ 
ginning  in  1949.  A  subsequent  development  of 
a  similar  foam  process  and  material,  but  for 
higher  temperature  (400°  F)  applications,  was 
carried  out  under  another  Air  Force  contract 
effort  by  the  Cornell  Aeronautical  Laboratory 
at  Buffalo,  N.  Y.,  and  released  through  a  report 
dated  March  1954,  A  great  deal  of  follow-up 
characterization  and  improvement  offort  on 
these  foams  was  executed  by  the  Naval  Air  De¬ 
velopment  Center.  The  Lockheed  Aircraft 
Company  developed  a  similar  foam  and  as¬ 
sociated  process  which  lias  since  enjoyed 
widespread  adoption  and  use. 

1-37.  Radome  Design  Criteria  Development 

During  the  period  from  1949  to  1954,  a  con¬ 
siderable  amount  of  general  radome  theoretical 
research  and  engineering  design  criteria  de- 
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outcome  uf  this  work  is  the  development  of 
techniques  lor  far-fleld  pattern  prediction,  as 
perturbed  by  radome  structures  in  the  near 
Held,  using  a  two-step  process.  This  two-step 
prediction  process  Is  the  basis  upon  which  most 

of  the  fliirreefltnor  afln^to  ;?  mdO.T.C  error  pi  c- 

dlctton  are  founded. 


1-39.  Working  Group  on _ Small  Supersonic 

Radomes 

By  early  1951  considerable  concern  had  built 
up  In  weapons  systems  development  management 
circles  over  supersonic  missile  radome  pro¬ 
blems.  Much  concern  was  evident,  both  tn  re¬ 
gard  to  the  Inadequacies  of  electrical  design 
procedures  with  which  to  correct  radome  im¬ 
posed  directional  error,  and  with  respect  to  the 
fecognized  inadequacies  of  radome  materials 
from  the  thermal  stability  point  of  view.  A 
special  working  group  on  small  supersonic 
radomes  was  organized  in  early  1951  to  investi¬ 
gate  this  situation  and  to  recommend  remedial 
action  to  the  RDB  Panel  on  Guidance  and  Con¬ 
trol.®  Specific  recommendations  were  called 
for,  pertaining  to  the  AF  Falcon  Project  and  to 
the  Navy’s  Sparrow  I  and  Sparrow  II  Projects. 
This  working  group  met  briefly,  prepared  a 
report  summarizing  the  situation,  with  appro¬ 
priate  recommendations,  and  then  disbanded.  It 
is  interesting  to  note  that  in  spite  of  the  im¬ 
provements  made  since  that  time,  most  of  the 
serious  radome  problems  recognized  at  that 
time,  and  set  down  In  the  report,  are  still  para¬ 
mount  In  the  minds  of  radome  designers. 


1-40.  The  Princeton  Study 

In  1951,  the  Office  of  Naval  Research,  recog¬ 
nizing  the  need  for  a  substantial  effort  on  a  broad 
front  in  the  area  of  radome  development  for  the 
supersonic  guided  missile,  initiated,  through  the 
Princeton  University  research  staff,  a  study  to 
prepare  a  complete  analysis  of  the  supersonic 
guided  missile  radome  problem  and  to  make 
specific  recommendations  for  supporting  the 
research  necessary  to  break  the  problem  down 
to  practical  elements  towhlch  effective  develop¬ 
ment  work  could  be  applied.  The  Princeton  staff 
preparedan  excellentaad  comprehensive  report, 
which  was  presented  to  the  Military  Services  in 
March  1952, It  contained  a  number  of  spe¬ 
cific  recommendations  applicable  to  the  several 
related  Interests  of  aircraft  design,  radar  sys¬ 
tem  design,  aerodynamic  shaping,  and  radome 
design.  The  greater  portions  of  at  least  the 
radome  recommendations  later  became  the 
subjects  of  development  contracts. 


1  -41.  Gunfire  Control  and  Missile  Guidance 
Radome  JDeBign 

Following  the  commencement  ol  boreslghtlng 
studies  in  indQ  «r,a  1950,  a  number  of  cnui- 
eorrected  radome  designs  were  prepared  with 
some  success.  One  of  the  first  was  the  McDonnell 
Aircraft  Company’s  design  In  late  1951  uf  the 
ogival  radome  for  the  Navy’s  F3H  (see  Figure 
1-11),  used  subsequently  for  the  USAF  F-101A 
aircraft.  This  was  based  upon  a  geometrical 
optics  design  approach,  somewhat  similar  to  the 
NADC  method,  Other  successful  designs  were 
prepared  by  McMillan  Laboratory  and  Goodyear 
Aircraft  Corporation  for  the  Navy  Sparrow  II 
missile.6 

1-42.  The  USAF  Bomarc  Radome^1 

Between  1951  and  1955,  the  Boeing  Airplane 
Company  developed  what  is  probably  the  most 
precise  supersonic  streamlined  guidance  radome 
produced  thus  far.  It  is  a  half-wave  thick,  solid 
laminate  radome  in  and  ogivai  shape  with  a 
fineness  ratio  approximately  3.5:1,  and  is  de¬ 
signed  for  use  with  a  radar  antenna  aperaturo 
19  wavelengths  In  diameter.  This  is  a  uniform  - 
thickness  radome  wall  designed  for  optimum 
performance  at  the  highest  angles  of  incidence 
encountered.  Despite  the  fact  that  no  correcting 
tapers  were  introduced  Into  itB  wall  design,  it 
was  found,  when  fabricated  with  the  required 
degree  of  uniformity  in  materials  and  dimen¬ 
sions,  to  produce  an  exceptionally  smooth  error 
characteristic.  Its  ability  to  produce  such  a 
low  error  characteristic  without  taper  correction 
Is  attributed  to  the  large  aperture  through  which 


Flqvn  I-IT.  Me Donntll  F3H  Navy  Flgbtor  WHb  Nose  Typo  Fir o 
C orriro!  Rojo me  Shaped  for  Trontonle  Spoods 
(By  pormloolon  of  McDonnoll  Aircroftt 
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vile  ruciar  operates,  anu  to  the  thoroughness  ol 
its  I  (gb- incidence  solid-will  design.  The 
Bomarc  radumc  faced,  and  is  still  facing,  the 
necessity  for  attaining  a  precision  In  material 
uniformity  and  djmpnsinnai  n**c 

which  assumes  almost  fantastic  proportions  when 
viewed  against  current  laminating  standards. 
It  was  not  until  a  novel  post -fabrication  adjust¬ 
ment  ol  the  radome  by  means  of  a  localised 
insertion  phase  delay  measurement  and  cor¬ 
rection  patching  technique,  that  It  became  prac¬ 
tical  to  produce  theoe  radomes  with  the  desired 
precision  (see  Chapter  4,  "Guidance  and  Fire 
Control  System  Radome  Design"),  Tj  support 
the  development  of  this  radome,  a  number  of 
special  test  and  fabrication  equipments  were 
developed  (see  Chapter  11,  "Radome  Wall 
Measurements  and  Evaluations"),  Precision, 
automatic  recording,  boresight  error  testing 
equipment^  was  developed  and  placed  In  opera¬ 
tion  In  1952.  This  was  followed  in  1953  by  the 
placement  in  operation  of  fabrication  and  ma¬ 
chining  facilities  for  manufacturing  precision 
but  as  yet  unadjusted,  blank  radomes,  In  1955 
came  a  precision  microwave  interferometer  sys¬ 
tem  for  measuring  and  recording,  to  high  de¬ 
grees  of  precision,  variations  tn  the  radome  wall 
Insertion  phase  delay.  This  interferometer  sub¬ 
sequently  was  supplemented  by  an  automatic 
correcting  machine,11  which  adds  rectangular 
patches  of  dielectric  tape  material  to  the  Inner 
wall  surface  of  the  radome  wherever  the  Inter¬ 
ferometer  indicated  the  electrical  thickness  to 
be  less  then  the  desired  value.  It  was  found 
that,  when  adjusted  to  a  given  degree  by  this 
method,  the  boresighting  error  measured  on  the 
radome  was  assured  to  be  within  directional 
error  tolerances.  Through  the  use  of  automatic 
equipment,  this  procedure,  complex  as  it  is,  still 
provedpracttcal.and  very  well  maybe  heralding 
a  new  trend  in  radome  process  control. 

i-«.  fnvestlgation  of  Near  Fields  In  Boresleht 
Radome  Design  .  . — 5 — ■ 


1-44  Supersonic  Rain  Erosion  Investigation 

By  the  spring  of  1953  the  rain  erosion  problem 
again  had  become  persistent.  With  the  coming 
supersonic  aigm.tne  rate  of  erosion  (or  eve, 
neoprene-protected  radomes  had  become  criti¬ 
cal.  An  urgent  search  for  better  means  of  pro¬ 
tection  and/or  better  baste  radome  materials 
had  become  mandatory.  Under  the  sponsorship 
of  Wright  Air  Development  Center,  the  Convair 
Division  of  the  General  Dynamics  Corporation 
a(  San  Diego  built  and  placed  in  operation  a  20- 
miiiimeter  ballistics  test  equipment  and  firing 
range  for  testing  radome  materials  at  speeds  up 
to  approximately  Mach  2.  This  test  facility  and 
the  program  associated  with  it  soon  demonstrated 
that  the  usefulness  of  the  neoprene  coating  was 
greatly  impaired  at  these  high  speeds  and  that 
the  usual  plastic  laminated  radome  materials 
were  of  only  marginal  usefulness.  It  was  found, 
however,  that  adequate  streamlining  of  the 
radome’s  shape,  to  incline  the  exposed  surface 
at  a  shallow  grazing  angle  to  the  droplet  trajec¬ 
tories,  markedly  increased  performance,  (See 
Chapter  7  on  Rain  erosion  problems  for  further 
details.) 


1-45.  The  ONR Jtadome  Symposium 

It  was  apparent  by  early  1053  that  a  need  ex¬ 
isted  for  a  general  exchange  on  radome  tech¬ 
nology  to  stimulate  development  progress.  In 
June  of  1953,  the  Office  of  Naval  Research 
sponsored  a  symposium  on  guided  missile 
radomes  atWashlngton.^This  symposium  gave 
a  great  deal  of  impetus  to  radome  development 
efforts  throughout  both  government  and  industry. 
The  benefits  derived  from  this  meeting,  par¬ 
ticularly  trom  the  written  proceedings  issuing 
from  it,  proved  conclusively  the  need  for  and 
the  value  of  such  meetings.  These  conclusions 
led  to  the  initiation  of  the  USAF  sponsored  Ohio 
State  University  Radome  Symposium,  discussed 
later  in  paragraph  1-54. 


In  accordance  with  one  of  the  recommendations 
of  the  Princeton  Study  Group  in  1952,  specific 
studies  of  the  role  of  insertion  phase  delay  in 
guidance  and  fire  control  radome  designs  were 
undertaken  by  both  the  Navy  and  the  Air  Force 
Radome  Groups.  Initially,  most  of  the  studies 
ol  phasing  effects  were  conducted  with  manually 
operated  equipment,  but  tn  1954  both  the  Ohio 
Mate  University  Research  Foundation  and  the 
Goodyear  Aircraft  Corporation  Developed  auto¬ 
matic  test  equipment  8  for  measuring  and  re¬ 
cording  the  phase-front  patterns  of  radar  an¬ 
tennas,  as  perturbed  by  the  radome.  This 
equipment  was  of  considerable  aid  in  error 
Investigation  research. 


1-46.  Jladome  Error  Prediction 

In  1954  and  1955  two  USAF  sponsored  research 
and  development  contracts  on  boresighting 
error  prediction  were  inltiatedfor  the  monopulse 
and  conical  scan  cases®  at  the  Glenn  L.  Martin 
Company  and  Dalmo-Vtctor  Corporation,  re¬ 
spectively.  Those  two  programs  are  based  upon 
the  theory  that  it  should  be  possible  to  calculate 
the  error  characteristics  of  a  radome  through 
use  of  modern  high-speed  electronic  computers, 
if  auitable  near -field  antenna  aperture  data  can 
be  measured  and  appropriate  mathematical 
equations  derived.  Both  programs  are  in  the 
computation  stage  at  this  writing  and  hence 
cannot  be  assessed. 
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1-47,  Error  Correction  by  Empiric:*!  Means 

Work  on  the  USAF  Falcon  radome  ®  by  the 
l.ughcs  Aircraft  Corporation  In  1955  demon¬ 
strated  mat  it  an  initially  uniform  and  sym¬ 
metrical  radome  blank  is  first  produced,  Us 
measured  error  characteristic  can  be  corrected 
to  tolerable  periormance  limits  by  a  systematic 
Insertion  of  dielectric  obstacles  at  carefully 
chosen  stations  on  the  inside  surface  of  the 
radome.  (Seethe  material  in  Chapter  4  on  Error 
guidance  radomes  for  details.)  This  method 
provides  an  important  means  for  designing  and 
correcting  radomes  experimentally,  regardless 
of  the  outcome  of  efforts  at  theoretical  pre¬ 
diction  of  error.  These  obstacles  also  have 
been  found  useful  for  IncreasingUhe  broadbanding 
characteristics  of  the  radome/11  (Early  experi¬ 
mental  work  on  the  use  of  obstacle  correction 
devices  is  also  understood  to  have  been  done  by 
both  Goodyear  Aircraft  Corporation  and  Raytheon 
Manufacturing  Company,  but  not  reduced  to  a 
published  systematic  correction  procedure  for 
general  use.) 

1-48.  Development  of  Ceramics  for  Radomes 


Realizing  that  guided  missiles  would  need 
radomes  capable  of  operating  at  temperatures 
beyond  the  capabilities  of  nlastlc  materials  then 
available,  the  Air  Force®  and  Navy,10  in  1948, 
initiated  work  toward  the  development  of  ceramic 
materials  and  constructions.  The  Navy’s  work 
with  Virginia  Polytechnic  Institute,  was  pre¬ 
dominately  on  low  density  ceramic  foams  in¬ 
tended  to  be  used  ultimately  as  sandwich  radome 
core  material.  The  Air  Force’s  work  with  the 
Stupakoff  Ceramic  Company  concentrated  both 
on  low  density  core  material  and  high-strength 
materials  to  be  used  ultimately  as  sandwich 
skins.  Neither  effort  succeeded  in  producing 
Immediately  usable  ceramic  sandwich  construc¬ 
tions.  The  Navy  continued  Its  efforts  with  VPI 
through  the  next  several  years.  This  resulted 
In  adding  a  great  deal  more  to  the  store  of 
general  knowledge  of  low  density  ceramic  mate¬ 
rials,  but  still  no  fully  practical  and  usable  con¬ 
struction  resulted.  Upon  receipt  of  the  recom¬ 
mendations  contained  In  the  Princeton  studji, 
the  Bureau  of  Aeronautics,  Navy  Department,  -*0 
initiated  another  development  contract  with 
Rutgers  University  for  the  development  of 
solid-wall  ceramic  radomes  and  appropriate 
machining  processes  from  which  precision 
ceramic  radomes  could  be  produced.  This  latter 
program  covered  processes  and  materials  for 
applying  steatite  ceramics  to  radomes.  Slip-cast 
radomes  are  produced,  which,  In  processing 
into  precision  finished  radomes,  are  first  dried, 
then  bisque  fired,  and  machined  to  finished  con¬ 
tour  and  dimension.  While  further  development 


Is  necessary  to  carry  such  constructions  into 
general  production  use,  the  future  prospects 
are  verv  encouraging.  A  subrequent  USAF 
program®  on  sandwich  construction  ■*»■  initi¬ 
ated  at  the  Ceramics  Department  of  Engineering 
at  the  Ohio  State  University  Experiment  Station 
in  June  1954.  Although  this  program  has  suc¬ 
ceeded  in  producing  small  radome-like  shapes 
of  ceramic  "A"  -sandwich  construction,  Its 
productls  far  from  practicalat  this  time  (1956), 

1-49.  Loaded  Core  Sandwiches 

In  recognition  of  the  electrical  advantages  of 
the  solid-wall,  single-layer  radome  design,  but 
seeking  a  lighter  weight  construction,  the  Boeing 
Airplane  Company  In  1952®  investigated  the 
possibilities  of  loading  the  lightweight  foam  core 
material  of  an  "A"  sandwich  to  match  the  di¬ 
electric  properties  of  the  structural  skin  of  the 
sandwich.  This  Ideally  would  produce  a  radome 
having  the  strength/weight  ratio  properties  of 
"A" -sandwich  construction,  but  having  the  elec¬ 
trical  properties  of  the  simpler  solld-wa.'l  con¬ 
struction.  Boeing  reported  on  their  findings  in 
January  1953,  and  is  understood  to  have  filed  a 
patent  thereon.  The  McMillan  Laboratories 
also  devised  a  similar  concept  of  loaded  sand¬ 
wich  construction  about  1953,  and  they,  too,  are 
understood  to  have  applied  for  a  patent.  The 
difficulties  with  these  early  attempts  at  loading 
were  that  uniformity  of  dielectric  constant 
throughout  the  body  was  below  desirable  limits 
and  dielectric  losses  were  rather  high.  Practical 
constructions  did  not  become  readily  available 
for  experimental  use.  The  Air  Force  later 
sponsored  some  contract  efforts  to  improve  the 
uniformity  and  loss  characteristics,  through 
work  at  the  Emerson  &  Cumming  Company  and 
the  Goodyear  Aircraft  Corporation.  It  is  under¬ 
stood  that  related  work  launder  wayat  Lockheed 
Aircraft  Corporation.  Final  results  are  not  yet 
available  for  assessment  o f  their  ultimate 
practical  value. 

1-50,  Radome  Antl-Iclng  and  De-Icing 

Icing  of  radomes  has  long  been  a  recognized 
problem,  since  accumulation  of  ice  on  the  sur¬ 
face  definitely  upsets  the  otherwise  carefully 
worked  out  electrical  designs  and  results  in 
Be.vere  pattern  distortions,  reflections,  and 
losses.  The  undesirable  effects  of  icing  first 
came  to  attention  in  the  case  of  shipborne  ra¬ 
domes.  Some  early  work  on  radome  de-icing 
methods  was  carried  out  at  Radiation  Laboratory 
in  late  1943  and  reported  In  early  1944,®  The 
degree  to  which  icing  Is  truly  an  Important 
problem  to  airborne  radomes  is  still  somewhat 
obscure,  not  because  of  any  doubts  of  Its  effects, 
but  rather  because  of  doubt  that  the  full-time 
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compromises  which  attend  provisions  tor  Its 
removal  are  warrat  ted  by  the  relatively  lew 
occasions  ol  its  encounter. 

A  number  of  different  de-lclng  systems  have 
been  introduced  into  the  radome  field.6  (See 
Chapter  6,  on  structural  design.)  The  mechanical 
removal  of  ice  with  a  rubber  de-icing  boot  using 
pulsating  air  pressure  to  break  up  Ice  forma¬ 
tions  has  been  used  with  some  success  for 
lower  frequency  radars.  A  number  of  freezing- 
point  depressant  fluid  type  de-lclng  systems 
have  been  tried  from  time  to  time  with  moderate 
success.  These  systems  generally  utilize 
ethyleneglycol  as  the  freezing-point  depressant 
and  removal  agent.  The  ethyleneglycol  Is  ap¬ 
plied  by  spraying  the  radome  surface  during 
flight  as  necessary.  The  Northrop  Aircraft 
Corporation,  working  on  the  F-89  radome,  la 
believed  to  have  been  the  first  to  develop  this 
type  of  system,  though  Lockheed's  work  on  the 
F-94  came  about  the  same  time.  A  third  anti- 
icing  and/or  de-icing  system  has  been  used  with 
similar  degrees  of  success.  In  this  method  the 
sandwich  radome  wall  is  built  with  air  ducts 
incorporated  Into  the  sandwich  core  material, 
through  whlc h  hi gh- tempe rature  air  is  cl rc ulated 
to  prevent  or  remove  Ice  formations.  Nortu 
American  Aviation,  Inc.,  Is  bellevedto  have  been 
responsible  for  the  Initial  successful  pioneering 
of  this  method  of  radome  Ice  control  on  its 
F-86D  airplane.  Figure  1-10  illustrates  the 
construction  of  this  early  North  American 
anti-icing  radome.  The  Douglas  Aircraft  Com¬ 
pany  soon  thereafter  worked  out  a  similar  sys¬ 
tem,  in  which  a  fluted  core  construction,  pre¬ 
pared  by  the  lost  wax  process,  considerably 
simplified  the  fabrication  of  the  thermally  de¬ 
iced  radome.  In  this  system,  the  core  of  the 
sandwich  radome  is  made  up  of  extruded  wax 
strips  wrapped  with  resin-impregnated  glass- 
fabric  tape,  which  is  laid  up  in  parallel  array 


as  core  matciial  and  overlaid  with  a  wet  lay-up 
of  the  Bkin  laminate.  Upon  curing  of  the  lami¬ 
nating  resin,  the  wax  Is  melted  out  of  the  core, 
leaving  continuous  ducts  for  passing  heated  air 
through  the  core.  (See  Chapter  8.  "Organic 
Materials  and  Radome  Constructions.") 

1-51.  Large  AEW  Search  Radomen 

What  is  undoubtedly  one  of  the  largest  airborne 
radomes  thus  far  produced  was  built  by  the 
Lockheed  Aircraft  Corporation  in  1953  for  the 
Navy  WV-2  aircraft*0  and  for  the  similar  USAF 
RC-121  aircraft.®  This  large  radome  Is  for 
AEW  (A  ire  raft -Early -Warning)  radar,  and  Is 
Intended  for  Continental  Air  Defense,  to  extend 
the  coverage  of  the  ground  radar  fence  being 
installed  around  the  perimeter  of  the  North 
American  continent.  Two  large  3-kilomegacycle 
blister  radomes  are  installed  on  this  Lockheed 
"Super  Constellation,"  shown  In  Figure  1-12. 
The  largest  radome,  on  the  belly  of  the  aircraft, 
measures  approximately  25  feet  In  length  by  18 
feet  in  width.  The  large  radome  hump  on  the 
top  of  the  aircraft  is  that  covering  the  height 
finder  radar  antenna.  Other  10-kilomegacycle 
navigational  radar  equipment  is  Installed  in  a 
smaller  nose  radome. 

1-52.  Artificial  Dielectric  Research 

As  a  follow-up  of  another  recommendation 
contained  in  the  Princeton  report  of  1952,  two 
research  programs  on  artificial  dielectrics 
were  initiated  by  the  Navy, *°and  a  third  by  the 
IISAF,  8  to  seek  an  effective  radome  wall  di¬ 
electric  constant  of  unity.  The  BJorksten  Re¬ 
search  Laboratory  was  the  Navy  contractor  for 
investigating  the  embedding  of  metallic  grids  in 
the  radome  wall  as  a  means  of  Increasing  the 
phase  velocity  through  the  wall.  This  was  an 
attempt  to  neutralize  the  normal  phase  retarda- 


lion  introduced  by  the  dielectric  constant  of  the  period  when  ferrites  tiave  been  developed  fvu  - 

material  The  BJorkSten  studies  (1953-1954)  ther.  These  approaches,  had  they  proved  prac  - 

demonstrated  definite  improvements  for  one  tical,  would  have  subordinated  the  radome 

of  the  two  principal  relative  polarizations,  but  refraction  effect  by  equating  the  propagation 

only  limited  gains  for  the  orthogonal  relative  constant  of  radome  wall  to  that  of  surrounding 

polarization.  Nevertheless,  the  gains  made  space,  and  would  have  permitted  the  designer  to 

were  deemed  sufficient  to  warrant  further  •#-  "rid;  thiclmcss  to  Cuuirui  reflections  tnaepen- 

fort.  A  current  follow-up  contract  initiated  by  dently. 

the  USAF  In  early  1956  with  the  Stanford  Re¬ 
search  Institute  shows  promise  In  approaching  !-53.  Recent  Trends  In  Fah-eu  Rauome  Design 
the  solution  to  the  remaining  difficulties  with 

the  orthogonal  polarization  characteristic.  The  The  trend,  begun  In  1945,  to  integrate  the 

second  related  research  project  was  a  Navy  radome  Into  the  airframe  design  has  continued 

sponsored  Westlnghouse  study  (1953-1954),  In  ever  since.  Nearly  all  radomes  In  present  day 

which  efforts  were  made  to  neutralize  the  normal  aircraft  are  falred-in  flush  with  the  aircraft 

dielectric  constant  of  the  radome  material  by  skin,  as  illustrated  In  Figure  1-13.  Further,  a 

embedding  oriented  metallic  dipoles  In  the  form  strong  trend  toward  adding  Instrumentation 

of  tiny  wire  helices.  This  effort  did  not  prove  bboms  ar.dotheracoessoriestothe  radomotlp,** 

practical  for  general  use,  since  tolerances  on  as  Illustrated  In  Figure  1-14,  has  complicated 

placement  and  orientation  ofthe  helix  dipoles  In  the  radome  problem  In  recent  years, 

three-dimensional  array  proved  too  difficult. 

The  third  effort,  made  by  the  USAF,  was  carried  1-54.  Ohio  State  University  Radome  Symposia 

out  through  a  contract  (1953-1955)  with  the  ~~  . .  . . 

Laboratory  for  Insulation  Research  at  Mass-  After  a  2 -year  gap  following  the  ONR  Radome 

achusetts  Institute  of  Technology.  This  was  a  Symposium  in  1963,  the  USAF  Wright  Air  De¬ 
search  for  ferrite-type  materials  whoseproduct  velopment  Center  undertook  sponsorship  of 

of  dielectric  permittivity  and  magnetic  perme-  another  radome  symposium  In  Juneof  1955  with 

ability  could  be  made  equal  to  that  of  free  space,  the  Ohio  State  University  Research  Foundation 

and  thereby  make  the  propagation  constant  equal  as  host.®  The  enthusiastic  response  to  this 

to  that  of  space.  This  effort  did  not  succeed  In  symposium  again  clearly  Indicated  the  growing 

finding  practical  materials,  since  all  those  ex-  Interest  In  the  radome  field,  and  the  need  for  a 

hlbltlng  desired  values  of  the  real  part  of  the  continued  Interchange  of  technical  Information 

permittivity  and  permeability  constant  still  on  radome  development.  As  a  result,  a  decision 

exhibited  too  much  absorption  loss,  and  hence  was  reached  to  continue  the  program  ona  yearly 

did  not  adequately  produce  the  desired  ^ffect,  basis,  as  long  as  the  need  remains.  A  second 

This  approach  may  warrant  effort  at  a  later  radome  symposium  was  held  at  Ohio  State 


Figure  1-11,  Baling  0-52  Hoovy  Botnhor  With  No  one/  Chin  ftoc/omoi  Fluth-Falrod  Info  tho  Futologo 

(Official  Air  Forco  photo) 
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Flgurt  1—14 .  Co nvoir  F-102A  Flghtor,  With  Hot*  Flro  Control  Rodomo  Qnd  Inttrumontollon  Boom 

(OHlclol  Alt  Forco  photo) 


University  In  June  1956,  The  reader  is  referred  the  remainder  of  the  historical  development  of 

to  the  proceedings  of  these  symposia  to  fill  in  the  contemporary  radome  field 
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INDEX  OF  SYMBOLS 


Notation.  The  following  nouuion  is  employed  in 
this  chapter.  Vector  quantities  are  underlined, 
as  E.  Complex  quantities  are  dotted,  as  i1.  Phase 
angles  of  complex  quantities  are  primed,  as  T'. 
An  asterisk  indicates  the  conjugate  quantity,  as 
Et*.  The  conjugate  of  AeJb,  for  example,  is 
Ae~Jb  if  A  and  b  represent  real  numbers.  A 
symbol  neither  dotted  nor  underlined  indicates 
the  absolute  magnitude  of  the  quantity.  The  sub¬ 
script  ,  indicates  perpendicular  polarization. 
The  subscript  ||  indicates  parallel  polarization. 

A  Aperture  area,  without  radome 

A  Aperture  area,  with  radome 

a  Distance  from  gimbal  point  to  radome 

vertex 

a  Semi- major  axis  of  ellipse 

b  Semi-minor  axis  of  ellipse 

C  Distance  from  base  of  radome  to 

gimbal  point 

c  Caliber  of  ogive 

d  Thickness 

de  Electrical  thickness  (measured  in 

wavelengths) 

ds  Skin  thickness 

d  As  subscript,  indicates  "depolarized" 

E  Electric  field  intensity 

fi1  Incident  field 

Es  Scattered  field 


fit  Total  field 

eM  Time  variation  factor 

F  Fineness  ratio 

i  As  subscript,  indicates  "Incident" 

Js  Current  flowing  in  free  space 

Jj  First-order  Bessel  function 

H  Magnetic  field  intensity 

P  Density  (watts/area),  without  radome 

p'  Density  (watts/area),  with  radome 

Pi  Distance  from  coordinate  origin, 

along  axis  of  propagation  of 
incident  wave 

R  Radius  of  curvature  of  ogive 

R,  Ratio  of  reflected  and  incident  electric 
x  field  Intensities  at  dielectric  surface 

R|2  Power  reflection  coefficient 

R||  Power  reflection  coefficient 

Rg  Radius  at  base  of  radome 

r  Axial  ratio  of  polarization  ellipse  of 

incident  wave 

r^  Reflection  coefficient 

r  ||  Reflection  coefficient 

T,  Factor  reducing  amplitude  of  plane 

wave  passing  through  plane  sheet 
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INDEX  OF  SYMBOLS  (cont) 


Tj.®  Power  transmission  coefficient 

T||  Factor  reducing  amplitude  of  plane 

wave  passing  through  plane  sheet 

T „2  Power  transmission  coefficient 

t  Time 

tj_  Interface  transmission  coefficient 

tan  a  Slope  of  conical  section  of  conical 

r  ado  me  fairing 

P  Propagation  constant  of  dielectric 

material 

/So  Free-space  propagation  constant 

y  Propagation  constant 

Insertion  phase  delay 

Ad  Amount  by  which  sheet  is  uniformly 

too  thick 

A'r  Permissible  tolerance  (in  dielectric 

constant) 

se  Electric  loss  tangent 

sm  Magnetic  loss  tangent 

«  Dielectric  constant 

«c  Core  relative  dielectric  constant 

«q  Dielectric  constant  of  free  space 

lr  Relative  dielectric  constant 

ea  Relative  skin  dielectric  constant 


ex  Dielectric  constant  of  medium  in 
x-polarized  field 

e  y  Dielectric  constant  of  medium  in 
y-polarlzed  field 

<z  Dielectric  constant  of  medium  in 

z-polarlzed  field 

o  Angle  of  incidence 

Brewster  angle 

#0  Angle  of  incidence  at  which  perfect 

transmission  will  be  obtained  through 
a  lossless  sheet 

st  Angle  of  refraction 

k  Radius  of  curvature  of  rays 

\  Wavelength  in  dielectric  material 

Wavelength  in  free  space 

n  Permeability 

m0  Permeability  of  free  space 

Mr  Relative  permeability 

(  Polarizing  angle  between  plane 

of  incidence  and  major  axis  of 
polarization  ellipse 

°  Conductivity  of  medium 

4  Far-field  angle  measured  from 

antenna  axis 

Look  angle 

"  Angular  frequency 
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ELECTROMAGNETIC  FIELD  AND  OPTIC  THEORY 


SECTION  A.  THEORETICAL  DESIGN  OF  THE  HOMOGENEOUS  FLAT  SHEET 


Many  questions  that  arise  in  the  design  of 
radomes  can  be  answered  by  reference  to  the 
theory  of  reflection  and  transmission  of  plane 
electromagnetic  waves  by  Infinite  sheets  of  di¬ 
electric  material.  Indeed,  plane-wave  plane- 
sheet  data  are  often  employed  in  redome  anal¬ 
ysis  to  avoid  the  complexity  of  methods  which 
apply  more  rigorously  to  curved  radome  shapes. 
To  introduce  radome  terminology  and  some  of 
the  fundamental  concepts,  the  equations  for 
reflection  at  a  dielectric  Interface  will  be 
derived.  These  equations  will  be  followed  by 
a  brief  analysis  of  transmission  through  plane 
homogeneous  sheets  and  sandwiches,  as  well  as 
ol  the  effects  of  manufacturing  tolerances  in 
thickness  and  dielectric  constant. 


2-1.  Interface  Reflection  Coefficients 

Consider  a  plane  wave  Impinging  on  the  sur¬ 
face  of  an  infinite  dielectric  medium,  as  indi¬ 
cated  in  Figure  2-1.  Let  the  axis  of  propaga¬ 
tion  of  the  incident  wave  lie  in  the  yz-plane  and 
intersect  the  surface  at  an  angle  6,  measured 
from  the  surface  normal.  This  angle  is  called 
the  angle  of  incidence.  All  the  space  to  the 
right  of  the  xy- plane  Is  filled  with  a  dielectric 
material  whose  electrical  properties  are  spec¬ 
ified  by  its  dielectric  constant  «,  permeability 
m,  and  electric  and  magnetic  loss  tangents 
tan  and  tan  sm.  For  the  present  it  is  as¬ 
sumed  that  the  material  is  lossless  (tan  se  « 
0  and  tan  sm  -  0).  The  region  to  the  left  of  the 
xy-plane  is  free  space  that  is  lossless  and  has 
parameters  to  and^p. 


magnitudes  (E  and  H)  but  also  directions.  In 
Figure  2-1  the  incident  electric  field  intensity, 
£l,  is  shown  oriented  in  the  x-direction.  The 
orientation  of  the  electric  field  intensity  vector 
is  described  by  the  "polarization"  of  the  field. 
It  will  be  assumed  that  the  direction  of  does 
not  vary  with  time;  in  other  words,  the  incident 
wave  is  "linearly  polarized."  At  any  instant  of 
time,  the  directions  of  the  field  intensity  vectors 
of  a  plane  wave  have  the  following  properties. 

a.  £,  H  and  the  line  of  propagation  aro  mutu¬ 
ally  perpendicular.  Therefore,  a  plane  wave  is 
called  a  TEM  wave  (transverse  electric  mag¬ 
netic). 

b.  fl  lies  90°  clockwise  from  £  from  the  view¬ 
point  of  an  observer  looking  along  the  axis  of 
propagation  at  the  departing  wave. 

The  field  intensity  vectors  in  Figure  2-1  are 
oriented  in  adherence  to  these  rules. 

The  "plane  of  incidence"  of  the  wave  otrlking 
the  dielectric  Interface  is  defined  by  the  axis  of 
propagation  and  the  normal  to  the  surface. 
Thus,  in  Figure  2-1,  the  plane  of  incidence  is 
the  yz-plane.  Since  gi  is  perpendicular  to  the 
plane  of  incidence,  the  Incident  wave  illustrated 
in  Figure  2-1  is  said  to  have  "perpendicular 
polarization.” 

It  is  assumed  that  the  Incident  wave  is  of  a 
single  frequency  f,  and  that,  therefore,  the  elec¬ 
tric  and  magnetic  field  intensities  vary  sinu¬ 
soidally  at  each  point  in  space.  A  plane  wave 
traveling  through  a  lossless  medium  has  uni- 


The  electric  and  magnetic  field  intensities  £ 
and  £  are  vector  quantities,  having  not  only 
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Fffvr*  2-1.  Plant-Wan  Railactlan  and  Trantnilttlan  at  a 
Dltlttttlt  Intathca  with  Parpandlcular  Polar  Italian 

form  amplitude  at  all  points.  Its  phase  is  re¬ 
tarded  by  360°  for  each  wavelength  the  ob¬ 
server  m'oves  along  the  axis  of  propagation. 
The  planes  of  constant  phase  are  perpendicular 
to  the  axils  of  propagation.  These  statements 
are  expressed  more  precisely  by  the  following 
equation: 

Ej  -  cos  Pi)  (2-1) 

where  w  ',1s  2vf,  the  angular  frequency; 
t  is  time; 

0q  is  2v/kq,  the  free-space  prop¬ 

agation  constant; 

Kq  Is  the  wavelength  in  free  space; 
and 

Pl  is  distance  from  the  coordinate 
origin,  measured  along  the  axis 
of  propagation  of  the  incident 
wave. 

To  facilitate  mathematical  derivations,  Equa¬ 
tion  (2-1)  is  generally  written  as 


Ei=e 


JM-^oPj) 


(2-2) 


where  J  is  PT,  In  using  this  exponential  form, 
it  is  understood  that  the  value  of  Ei  is  given  by 
the  real  part  of  the  expression.  With  this  un¬ 
derstanding,  Equations  (2-1)  and  (2-2)  agree. 
For  brevity,  the  time-variation  factor,  e'  ,  will 
be  omitted  In  what  follows,  as  is  customary. 


From  Figure  2-1, 

pt  =  z  cos  e  +  y  sin  fi 


(2-3) 


so  that  Equation  (2-2)  becomes 

-)/3 0(z  cos  0  +■  y  sin  6) 

Ej  =  e 

The  1'ji'tgueiit.  field  Intensity  io  given  by 


(2-4) 


(2-5) 


The  corresponding  expressions  for  the  reflec¬ 
ted  wave  shown  in  Figure  2-1  are 

-j/50  Pr  -J£0(-zcos  0  +  y  sin  6) 

Er  =  rae  -  rxe 

(2-6) 

and 


H- 


(2-7) 


where  r,  is  the  Interface  reflection  coefficient. 
From  Equations  (2-4)  and  (2-6)  the  interface 
reflection  coefficient  is  defined  by 


rl  = 


Ei 


(2-8) 


evaluated  at  the  interface.  Similarly,  for  the 
transmitted  wave, 

-j/S  Pt  -J£(*cos  s_+ysin  a.) 

Et  ”  tjS  1  =  t^e  r  T  (2-8) 


and 


(2-10) 


where  e  is  the  angle  of  refraction; 


P  =  2tt/\  =  aifirr,  the  propagation  con¬ 
stant  of  the  dielectric  material; 

\  ,  the  wavelength  In  the  di¬ 

electric  material; 

*r  =  e/cQi  relative  dielectric  con¬ 
stant  of  the  medium;  and 

tj_  Is  the  Interface  transmission  coeffi¬ 
cient. 


Thus 


‘i  = 


evaluated  at  the  dielectric  Interface. 


(2-11) 
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It  will  be  assumed  that  the  dielectric  material 
Is  nonmagnetic  (  h  =m  0),  which  is  essentially 
true  ol  most  dielectric  materials.  Magnetic 
materials  are  considered  in  Section  E. 

The  reflection  and  transmission  coefficients 
and  the  angle  ot  retraction  can  uuw  i>z  deter¬ 
mined  by  application  of  two  boundary  conditions: 

a.  The  components  of  E  tangential  to  the  sur¬ 
face  are  continuous  across  the  boundary. 

b.  The  components  of  H  tangential  to  the  sur¬ 
face  are  continuous  across  the  boundary. 

i 

The  field  in  the  free- space  region  In  Figure 
2-1  Is  composed  of  an  Incident  wave  plus  a  re¬ 
flected  wave,  i.e., 

E  =  Ej  +  Er  (2-12) 

Because  Ej  and  Ej.  are  parallel  (Figure  2-1), 

E  =  Ej  +  Ej,  (2-13) 


power  incident  on  the  area  and  the  power  re¬ 
flected  from  the  area. 

The  components  of  Hj,  Hj.,  and  Hj  tangential 
to  the  interface  are,  from  figure  2-T) 

Hly  =  Hj  cos  6  (2-19) 


Hry  =  -  cos  6  (2-20) 

Hty  *  Hj  cos  eT  (2-21) 


Application  of  the  Becond  boundary  condition 
yields: 

(1  '  focoae  =  ti/*~  cos  ®r  (2-22) 


From  Equations  (2-18)  and  (2-22)  the  deaired 
expression  tor  the  reflection  coefficient  Is  ob¬ 
tained; 


rl 


cos  6  +  J  -  sin*  8 


(2-23) 


From  Equations  (2-4),  (2-6)  and  (2-13),  at  the 
Interface 

-J/30y  sin  6 

E  =  (1  +  rA)e  (2-14) 

The  field  In  the  dielectric-filled  region  In 
Figure  2-1  consists  of  Just  the  transmitted 
wave,  and  at  the  surface  it  la,  from  Equation 
(2-9), 

-j/ty  sin  0 

Et  =  tAe  r  (2-15) 


Figure  2-2  illustrates  a  dielectric  Interface 
with  an  incident  wave  polarized  parallel  to  the 
plane  of  Incidence.  Since  In  this  case  the  In¬ 
cident  and  reflected  magnetic  field  Intensities 
are  parallel  to  each  other  and  to  the  surface,  It 
is  convenient  to  define  the  reflection  coefficient 
as 


r 


ii 


Hr 


(2-24) 


Equations  (2-14)  and  (2-15)  give  the  compo¬ 
nents  of  electric  field  intensity  which  are  tan¬ 
gential  to  the  dielectric  interface  on  both  sides 
of  the  boundary.  The  first  boundary  condition 
requires  that  these  be  equal: 

-]fi0y  sin  a  -j/Sy  sin  a 
(l*rA)e  u  =  tj6  (2-16) 

Therefore, 

sin  9 

8ln  Sr  =  (2-17) 

and 

1  +  rA  -  iL  (2-18) 

Equation  (2-17)  is  known  as  Snell’s  law.  Equa¬ 
tion  (2-18)  can  also  be  derived  from  energy  con¬ 
siderations,  since  the  time-average  power 
transmitted  through  a  unit  area  of  the  dielectric 
surface  must  be  the  difference  between  the 


evaluated  at  z  =  0.  Applying  the  boundary  con¬ 
ditions  as  before,  it  is  found  that 


tr  cos  a  +  ^Jtf  -  sin*  a 

Equations  (2-17)  and  (2-18)  are  also  found  to 
apply  for  parallel  polarization,  so  that  the  angle 
of  refraction  is  independent  of  polarization. 

At  normal  incidence  ( a  =  0),  there  is  no  dis¬ 
tinction  between  parallel  and  perpendicular 
polarization  and  r(|  and  rA  become  equal  In  mag¬ 
nitude.  They  differ  In  sign  at  normal  Incidence 
only  because  ij_  was  defined  by  Equation  (2-8) 
as  the  ratio  of"  reflected  and  Incident  electric 
field  intensities,  whereas  r;|  was  defined  by 
Equation  (2-24)  as  the  ratio  of  reflected  and 
Incident  magnetic  field  Intensities.  At  grazing 
incidence  ( 8  »  9(3°),  total  reflection  occurs  for 
either  polarization.  At  all  other  angles  of  in¬ 
cidence,  rt|  is  smaller  in  magnitude  than  rA. 
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Ptgura  2-2.  Flam— Wm  Radlattlta  and  Tranamlaalan  at  a 
Dlalactrlc  latatdaca  wHh  Patallal  Palarltatha 


Tables  of  r„,  r,,  and  0T  for  various  dielec¬ 
tric  constants  andangles  of  Incidence  are  given 
In  References  1  and  2. 

Figure  2-3  Illustrates  the  Interface  reflection 
coefficients  for  various  angles  of  incidence  for 
a  relative  dielectric  constant  of  4.  It  will  be 
noted  that  r(i  is  zero  at  one  angle  of  incidence. 
This  Is  called  the  Brewster  angle  eB,  and  Is 
given  by 

tan  sB  =  (2-26) 


Pipm  2-1.  Iwhrtaaa  Radlattlta  Caaddltlaata  dat  Pargaadlealat 
and  Patallal  Ptiarlaatlaa  (Pram  Radaraaca  J  hy  Patmlaalaa  ad 
PcCm—WII  Baai  C  amtmy,  I  at-) 


Figure  2-4  shows  the  angle  of  refraction  as  a 
function  of  angle  of  Incidence  for  a  relative  di¬ 
electric  constant  of  4. 

Lossy  Materials-  Thus  far.  only  lossless  di¬ 
electric  materials  have  been  considered.  In 
lossy  material  the  amplitude  of  a  plane  wave 
decreases  exponentially  with  distance.  The 
transmitted  wave  can  be  expressed  as 

E,  -  U."*'  (2-W) 

The  Incident  and  reflected  waves  In  the  air 
region  are  again  given  by  Equations  (2-4) 
through  (2-7).  By  applying  the  houndary  con¬ 
dition  on  tangential  E,  it  Is  found  that 

tA  =  1  +  rx  (2-28) 

and 

b  =  -J/SQ  sin  8  (2-29) 

Now  must  Batlefy  the  wave  equation,  which 
can  be  written  as  follows  If  rectangular  coordi¬ 
nates  are  used: 

V2  E  =  r2E  (2-30) 

where 

y  -  +  J»  «)  (2-31) 

is  the  propagation  constant  and 

o  a  w  a  tan  S  (2-32) 

is  the  conductivity  of  the  medium. 

From  Equations  (2-27),  (2-29),  (2-30),  (2-31), 
and  (2-32), 


Plgvra  2-4.  An gla  at  Rahaatlaa  ad  Plata  Waya  Craning  a 
Dlalattrle  latatfaea 
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out  of  phase)  at  t)ie  interface  as  they  were  in 
the  lossless  case. 


Applying  ninAweil't*  equation 

V  *  E  =  -  (2-34) 

it  Is  found,  from  Equations  (2-27)  and  (2-34) 
that  the  tangential  component  of  the  magnetic 
field  Intensity  In  the  transmitted  wave  Is 

jatieaZ+by 

nty  “  ^ -  <2-35) 

Finally,  the  reflection  coefficient  Is  deter¬ 
mined  by  application  of  the  boundary  condition 
on  tangential  ft. 

cos  e  -  It ~ (1-j  tan  8)  -  sin20 

*±  = - ~=- _ (2'36> 

cos  9  +  l*r  (1-J  tan  6)  -  sin2o 

For  parallel  polarization,  the  transmitted  .field 
is 

uz  +  by 

Ht  =  t„  e  (2-37) 


where  a  and  b  are  given  by  Equations  (2-29)  and 
(2-33)  as  before.  Ths  tangential  component  of 
transmitted  electric  field  intensity  is  found  from 
Equation  (2-37)  and 

V  x  H  *  (c?  +  joic)  E  (2-38) 


Tf  M/ill  ho  nntoH  fhat  tho  o  vnrou  uinric  f/ir  (hn 

reflection  coefficients  for  lossy  media  differ 
from  those  for  the  lossless  case  only  in  that 
t  r  has  been  replaced  with'  r(l  -  J  tan1  ). 

For  low-loss  material,  the  interface  reflec¬ 
tion  coefficients  have  practically  the  same 
absolute  magnitudes  as  those  for  lossless  ma¬ 
terial  of  the  same  dielectric  constant.  The 
phase  of  the  reflected  wave  can,  however,  differ 
appreciably  from  what  it  is  for  a  lossless 
medium. M  Also,  rN  does  not  quite  vanish  at 
the  BrewBter  angle  as  it  did  In  the  lossless 
case.  For  low-loss  material,  it  can  bo  shown 
from  Equations  (2-29)  and  (2-33)  that  the  angle 
of  refraction  is  still  given  by  Snell's  lav/,  given 
in  Equation  (2-17). 

2-2.  The  Homogeneous  Fiat  Sheet 

Transmission  and  reflection  by  a  plane  di¬ 
electric  sheet  (also  called  a  slab  or  a  panel)  can 
now  be  analyzed  In  terms  of  the  Interface  re¬ 
flection  coefficients.  The  boundary  conditions 
at  the  two  parallel  plane  surfaces  of  a  sheet  can 
be  satisfied  if  incident,  reflected,  and  trans¬ 
mitted  plane  waves  are  assumed  as  in  Figure 
2-5.  These  waves  are  expressed  by 

-j/3„  (z  COS  e  +  y  sin  fl)  (1„  reglon  p 

Bl*e  (2-41) 


The  reflection  coefficients  for  lossy  media  are 
complex  quantities,  Indicated  by  dots  placed 
above  the  symbols,  as  in  Equations  (2-30)  and 
(2-40).  When  the  reflection  coefficients  are 
complex,  this  signifies  that  the  incident  and  re¬ 
flected  waves  are  no  longer  in  phase  (or  180° 


~}fln  (-z  cos  fl  +  y  sin  8)  (In  region  I) 
Er  =  Rje  (2-42) 

-J/3(z  cos  6.  +  y  sin  «-)  (in  region  II) 
E2t  B  T2®  (2-43) 

-lo (-z  cos  I5L  +y  sin  8.)  (in  region  U) 
E2r  =  R2e  (2-44) 

-J00(z  cos  8  +  y  sin  e)  (in  region  HI) 
Et  =  fjs  (2-45) 


The  two  plane  waves  In  the  dielectric  sheet 
may  be  considered  to  be  the  resultant  of  mul¬ 
tiple  reflections  at  the  two  surfaces.  By  apply¬ 
ing  the  boundary  conditions  at  each  surface,  it 
is  found  that  for  a  lossless  sheet  the  complex 
reflection  and  transmission  coefficients  are 


r.  1  -  exp  (-2J  d  J  er  "  sln2  6 ) 

Ri  - “  v - - J-  (2 

1  -  r^2  exp  (-2J  d  Jtj.  -  sin2  6) 
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and 

(1  -  r^) expl-j/vjd  (cos o-  ]~e  -  s 

1  -  r  ^o*r>  (-21  /vd  l~t  -  sln^  6\ 
i  •  •  -  u  VI 

where  exp(x)  is  used  t  j  denote  ex. 

The  reflection  and  transmission  coefficients 
for  parallel  polarization  are  obtained  from 
Equations  (2-46)  and  (?-47)  merely  by  replacing 
the  symbol  i  with  || .  .Che  equations  for.  lossy 
sheets  are  obtained  fr,m  Equations  (2-46)  and 
(2-47)  by  replacing  *  with  ,  (1-j  tan  i> )  and  by 
using  the  value  of  r^or  r  ||  from  Equation  (2-36) 
or  Equation  (2-40). 

It  will  be  noted  that  R  i  is  the  ratio  of  reflected 
and  incident  electric  .‘(eld  intensities  at  the  di¬ 
electric  surface,  fin  is  the  ratio  of  reflected  and 
Incident  magnetic  field  intensities  at  the  sur¬ 
face.  That  Is, 


R,=  — ,atz-0  (2-48) 

Ei 

and 

.  Hr 

R|,  =• — ,  at  z  =  0  (2-49) 

«i 

Thus,  Rj_and  ftj|have  the  same  significance  for 
dielectric  sheets  as  r  .and  F  y  have  for  dielectric 
media  of  infinite  thickness;  indeed,  from  Equa- 


j2  6)] 
(2-47) 


tion  (2-4A)  it  can  be  shown  that  R^andH||be- 
came  equal  to  r^and  r  (| ,  respectively,  as  the 
thickness  d  becomes  infinite,  no  ntatter  how 
small  the  loss  tangent  may  lie. 

The  transmission  coelticiem  Ti  is  defined  as 
the  ratio  of  the  electric  field  intensity  at  any 
point  In  region  III  (Figure  2-5)  in  the  presence 
oi  the  sheet  (with  perpendicular  polarization) 
to  the  electric  field  Intensity  at  the  same  point 
in  the  absence  of  the  sheet.  Slmtlaity,  T||  is  the 
ratio  of  the  magnetic  field  intensity  transmitted 
through  the  sheet  (with  parallel  polarizution) 
to  the  magnetic  field  Intensity  which  would  exist 
at  the  same  point  if  tin*  sheet  were  removed, 
(However,  since  the  incident  and  transmitted 
waves  are  traveling  in  the  same  medium  and  have 
the  same  axis  of  propagation,  Et/Ej  =  Hy/Hj  for 
either  polarization.)  Thus,  the  amplitude  of  a 
plane  wave  passing  through  a  plane  sheet  is  re¬ 
duced  by  a  factor  T^or  Ty  due  to  reflection  and 
absorption  by  the  sheet.* 

The  power  density  in  the  wave  passing  through 
the  sheet  is  reduced  by  a  factor  T^or  T,,^  and 
these  are  called  the  "power  transmission  co¬ 
efficients."  Likewise,  R  f  and  R  are  the  "pow¬ 
er  reflection  oefficlents." 

Effect  on  Phase.  In,  radume  design  it  is  nec¬ 
essary  to  know  not  only  the  power  Iobs  produced 
by  a  sheet  but  also  the  effect  of  the  sheet  on  the 
phase  of  the  transmitted  wave.  The  phase  of  a 
plane  wave  transmitted  through  a  plane  sheet  is 
advanced  by  an  angle  T[  or  T,J  relative  to  the 
phase  which  the  field  would  have  at  the  same 
point  in  space  if  the  sheet  were  removed.  The 
insertion  phase  delay  or  Ajj  is,  therefore, 

--  -  Tj_  (2-50) 

or 

A;,  -  '  I'll  (2-51) 

The  transmission  coefficients  are  often  defined 

in  a  different  manner.  The  coefficients  em¬ 
ployed  by  various  authors  have  the  same 
absolute  magnitude  as  that  in  Equation  (2-47), 
However,  the  phase  angles  differ  from  that  given 
by  Equation  (2-47)  and  are  not  equal  to  the  In¬ 
sertion  phase.  A  transmission  coefficient 

essentially  the  same  as  that  in  Equation  (2-47) 
is  used  in  Reference  5,  where  it  is  called  the 
"complex  Insertion  transmission  coefficient." 
This  is  quite  appropriate  and  will  serve  to  dis- 
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♦The  magnitude  of  a  complex  quantity  Is  Indi¬ 
cated  by  omission  of  the  dot  over  the  symbol. 


tingulsh  this  transmission  coefficient  from  the 
"normal  transmission  coefficient"  f'.  Accord¬ 
ing  to  the  "normal  convention"  the  phase  of  the 
wave  emerging  from  the  panel  of  Figure  2-5  is 
referred  to  the  intersection  ot  the  z  axis  with 
the  right  facp  of  the  panel.  The  connection  be¬ 
tween  T  and  T  is  expressed  as 

,  -j/30d  COS  o 

T  =  Te  (2-62) 

Ti  and  T  n  become  equal  at  normal  incidence, 
andzero  at  grazing  incidence,  For  any  given 
sheet  and  given  angle  of  incidence,  the  trans¬ 
mission  coefficient  for  parallel  polarization  la 
equal  to  or  greater  than  that  for  perpendicular 
polarization.  (It  was  mentioned  previously  that 
r  n  ^  rj_ .)  For  lossless  sheets  perfect  trans¬ 
mission  is  obtained  for  parallel  polarization  at 
the  Brewster  angle. 

Typical  graphs  of  the  transmission  coefficients 
and  Insertion  phase  delay  are  given  in  Chapter 
13.  Graphs  and  tables  of  transmission  coeffi¬ 
cients,  reflection  coefficients,  and  insertion 
phase  are  given  in  References  6  through  16. 
Transmission  through  flat  sheets  is  discussed 
in  detail  in  References  3  and  17. 


small.  The  electrical  thickness  d(!,  or  thick¬ 
ness  measured  in  wavelengths,  is  given  by* 


Thus,  the  electrical  thickness  depends  on  the 
physical  thickness,  the  frequency,  and  the  di¬ 
electric  constant.  Sheets  which  have  an  elec¬ 
trical  thickness  less  than  0.1  have  desirable 
properties,  especially  at  tow  angles  of  inci¬ 
dence.  Table  2-1  lists  the  thickness  of*./10 
sheets  for  various  frequencies. 


2-3 .  The  Thin  Homogeneous  Flat  Sheet 

The  electrical  properties  which  are  considered 
desirable  in  a  flat  sheet  for  radome  construction 
include: 

a.  High  transmission  (T  =  1); 

b.  Low  reflection  (R  »  0); 

c.  Transmission  Independent  of  polarization 
(Ti=T||); 

d.  Insertion  phase  shift  independent  of  polari¬ 
zation  (T[=  T|'|); 

e.  Minimum  refraction  (Section  H). 

Furthermore,  it  is  desired  that  the  properties 
listed  above  be  retained  over  a  given  range  of 
frequencies, angles  of  incidence,  and  tolerances 
in  thickness  and  dielectric  constant.  While 
these  properties  are  always  desirable,  their 
relative  importance  is  not  the  same  for  all 
radomes. 

In  principle,  all  of  these  properties  ca  >e  ob¬ 
tained  to  any  desired  degree  by  using  a  sheet 
whose  "electrical  thickness”  is  sufficiently 


It  will  be  noted  that  the  electrically  thin  sheet 
becomes  excessively  thin  physically  at  the 
higher  frequencies.  Although  satisfactory  thin- 
wall  radomes  have  been  designed  for  10,000 
megacycles,  it  is  doubtlul  that  this  structure 
can  be  utilized  at  significantly  higher  fre¬ 
quencies  where  strength  is  required. 

For  parallel  polarization,  the  transmission 
coefficient  of  the  thin  sheet  increases  as  the 
angle  of  incidence  is  increased,  and  reaches  a 
maximum  near  the  Brewster  angle.  However, 
the  transmission  coefficient  for  perpendicular 
polarization  decreases  and  the  difference  in 
insertion  phase  shift  for  the  two  polarizations 
increases.  It  is  found  that  good  performance  at 
high  angles  of  incidence  may  require  an  elec¬ 
trical  thickness  of  0.01  or  less.  Some  of  these 
points  are  illustrated  in  Figures  2-6  'and  2-7 
which  siiow  the  transmission  coefficient  and  in¬ 
sertion  phase  delay  for  perpendicular  polariza¬ 
tion  for  sheets  of  electrical  thickness  0.01  and 
0.C2. 


♦In  the  literature,  the  term  "electrical  thick¬ 
ness"  is  frequently  used  to  refer  to  the  quan¬ 
tity  d/^'o/iT^  -  sin*  n .  For  normal  incidence, 
this  is  the  same  as  Equation  (2-53). 
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Figure  2-6.  Tranemleelon  Conf/lclerti  of  ton/vfl,  Thin,  Fief  Sheen  lor  Prrptod'cular  Polarhafioi. 


From  Equation  (2-47)  the  power  transmission 
coefficient  of  a  thin  lossless  sheet  for  perpen¬ 
dicular  polarization  is  approximately 


The  difference  in  Insertion  phase  shift  for  the 
two  polarizations  is  approximately^ 


When  the  thin  wall  is  feasible,  it  offers  the 
following  advantages  over  other  types. 


electrical  thickness  are  not  comparable  to  the 
design  electrical  thickness  of  the  sheet.  (See 
Figure  2-6  for  example.) 

c.  High  transmission  is  obtained  even  with 
relatively  lossy  materials. 


material  in  constructing  a  half-wave  sheet  will 
cause  the  maximum  transmission  coefficient  to 
be  somewhat  less  than  unity.  If  the  sheet  is 
designed  for  normal  incidence  and  if  the  loss 
tangent  is  small,  the  power  transmission  eoef- 
firient  tr,r  norma!  lncidcr.cc  is  approximate!/^ 


d.  The  thin  sheet  is  broadband  since  Its  per¬ 
formance  is  good  at  all  frequencies  below  the 
design  frequency. 


+  1)  tan  S 


(2-57) 


e.  The  insertion  phase  shift  Is  small  and  is 
relatively  insensitive  to  change  of  polarization 
or  angle  of  incidence. 

f.  Refraction  is  Bmall  (Section  H). 

The  properties  of  thin  sheets  are  discunsed  in 
Chapters  3  and  5  and  in  several  references 
listed  in  the  bibliography. 

2-4.  The  Half-Wave  Homogeneous  Flat  Sheet 

From  Equation  (2-47),  perfect  transmission 
will  be  obtained  through  a  lossless  sheet  at  a 
given  angle  of  Incidence,  8  0  if  the  thickness  Is 

iu0 

d  ,  — — - -~  ■  (2-56) 

2  ~  sin  6q 


where  n  is  any  positive  integer.  A  sheet  whose 
thickness  is  given  by  Equation  (2-56)  is  referred 
to  as  a  half-wave  sheet  of  order  n.  The  thin 
sheet  can  be  considered  as  an  approximation  to 
a  half- wave  sheet  of  order  zero.  Both  Tj_and 
T||  are  unity  for  the  half-wave  lossless  sheet  at 
the  design  angle  of  incidence.  Moreover,  the 
insertion  phase  is  the  same  for  perpendicular 
and  parallel  polarization  at  tho  design  angle  of 
incidence,  as  is  evident  from  Equation  (2-47). 
Figure  2-8  shows  the  thickness  of  half-wave 
sheets  of  various  dielectric  constants  versus 
the  design  angle  of  incidence.  Figure  2-9  gives 
the  transmission  coefficients  of  a  half-wave 
sheet  which  was  designed  for  perfect  trans¬ 
mission  at  75°  incidence.  It  will  be  noted  that 
for  parallel  polarization  the  transmission  is 
also  perfect  at  the  Brewster  angle,  and  that 
everywhere  T||  Is  equal  to  or  greater  than  T^. 
The  insertion  phase  shift  is  plotted  in  Figure 
2-10  for  the  same  half-wave  sheet,  and  it  will 
be  noted  that  the  phase  shift  becomes  indepen¬ 
dent  of  polarization  at  75°  incidence. 

No  choice  of  thickness  will  yield  perfect  trans¬ 
mission  through  a  lossy  sheet,  but,  if  the  loss 
tangent  is  small,  maximum  transmission  is  ob¬ 
tained  at  approximately  the  same  thicknesses 
specified  by  Equation  (2-56).  The  use  of  a  lossy 


For  frequencies  between  5  and  25  kilomega- 
cycles  (kmc),  the  thickness  of  the  half-wave 
sheet  of  dielectric  constant  4.0  ranges  from 
approximately  0.6  to  0.12  inch.  Therefore, 
half-wave  walls  are  generally  very  rigid  struc¬ 
tures  for  the  central  band  of  microwave  fre¬ 
quencies;  In  fact,  their  excellent  structural 
strength  and  rigidity  make  them  a  suitable 
choice  for  many  supersonic  missile  and  air¬ 
craft  applications.  Another  desirable  feature  of 
half-wave  walls  Is  thetr  relative  simplicity  In 
terms  of  their  electrical  behavior.  This  is  true 
primarily  because  the  expression  for  the  trans¬ 
mission  coefficient  of  the  half-wave  wall  is 
much  less  complex  than  that  of  a  sandwich. 
While  design  computations  for  beam  distortion 
can  be  cumbersome  for  a  half-wave  wall,  the 
same  computations  for  a  sandwich  are  more  so 
by  a  large  factor.* 

Although  the  half-wave  sheet  has  excellent 
properties  at  the  design  angle  of  incidence,  at 
other  angles  the  transmission  coefficients  de¬ 
crease  and  the  insertion  phase  shifts,  for  the 
two  polarizations  become  unequal.  This  prob¬ 
lem  is  Investigated  in  Reference  5,  which  dis¬ 
cusses  the  choice  of  dielectric  constant  and  the 
design  angle  &q  required  to  obtain  the  following 
electrical  properties  over  a  given  range  of  in¬ 
cidence  angles  In  the  neighborhood  ofSp: 

a.  Minimum  reflection  R^; 

b.  Insertion  phase  shift  TV  or  Tf|  as  nearly  in¬ 
dependent  of  angle  of  incidence  as  possible;  and 

c.  Minimum  differential  phase  shift  )t|  -  T||  j . 

It  is  shown*5  that  the  worst  dielectric  constant 
for  achieving  the  above  properties  varies  from 
3  to  5  (depending  on  which  criterion  is  used)  for 
a  normal  incidence  design,  down  to  1  or  2  for 
grazing  incidence  design-  Thus,  by  any  of  the 
above  criteria,  the  more  desirable  behavior  is 
obtained  by  choosing  <r  near  unity  or  very 
large,  and,  as  the  case  may  be,  either  the 
closer  to  unity  or  the  larger,  the  better.  For  a 
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♦This  paragraph  contributed  by  W.  E.  L. Boyce 
and  E.  0.  Hartig,  Goodyear  Aircraft  Corp. 
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radome  designed  for  Ugh  Incidence  angles  the 
"good"  range  of  e  P  u  quite  small,  vanishing 
entirely  as  gracing  Incidence  is  approached. 
For  large  c  ^  tolerances  play  a  dominant  role. 
(See  8ection  C.)  Slight  changes  in  dielectric 
constant  or  thickness  may  induce  tremendous 
changes  in  the  electrical  properties.  As  the 
tolerances  (in  dielectric  constant,  thickness, 
loss  tangent,  and  frequency)  decrease,  the  opti¬ 
mum  t  r  increases  and  the  electrical  properties 
improve.  In  the  extreme  of  aero  tolerances  the 
optimum  dielectric  constant  becomes  infinite 
and  perfect  electrical  behavior  la  indicated. 

In  practice  the  theoretical  advantages  of  a 
low  dielectric  constant  are  difficult  to  realise, 


with  the  exceptions  of  broadband  performance 
and  larger  permissible  tolerances.  Materials 
having  a  dielectric  constant  less  than  1.5  are 
generally  unsatisfactory  for  solid  wall  radome 
construction  because  of  low  strength  or  poor 
thermal  resistance.  Even  artificial  dielectrics; 
which  can  combine  good  mechanical  and  thermal 
properties  with  a  very  low  dielectric  constant, 
have  not  yielded  a  substantial  improvement  in 
the  performance  of  hlgh-lncldence  radomes.  ' 
Materials  having  a  dielectric  constant  as  high 
as  10  are  available  with  low  loss  tangent  ayd 
other  properties  suitable  for  radome  construc  ¬ 
tion.  It  is  interesting  to  compare  the  properties 
of  solid  sheets  of  aielectric  constant  2,  4,  5, 
and  8  for  a  given  design  angle  (say  80°)  aft  l  loss 
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tangent  (say  0.01)  plotted  versus  angle  ol  Inci¬ 
dence,  as  in  Reference  10.  No  Improvement  Is 
obtained  In  the  differential  phase  shift  nor  in 
the  power  transmission  coefficients  by  use  of  a 
high  dielectric  constant  up  to  9.  In  fact,  at  80° 
incidence  T  ^  gets  worse  at  the  higher  dielectric 
constants;  however,  the  insertion  phase  shift  for 
parallel  or  perpendicular  polarization  varies 
less  rapidly  with  incidence  angle  as  the  dielec¬ 
tric  constant  is  increased. 


Graphs  of  transmission  coefficients  and  in¬ 
sertion  nhase  delay  of  liomogeiieous  flat  sheets 
are  given  in  Chapter  13.  Graphs  and  tables  of 
transmission  coefficients,  reflectioncoefficients 
and  insert'on  phase  are  given  in  References  6 
through  18.  The  properties  of  half-wave  sheets 
are  discussed  in  Chapter  3  and  in  several  ref¬ 
erences  listed  In  the  bibliography.  Additional 
material  on  the  subject  will  be  found  in  Sections 
C,  H,  and  K  of  this  chapter. 
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SECTION  B.  THEORETICAL  DESIGN  OF  FLAT  SANDWICHES 


2-5.  Coefficients  for  Multilayer  Panels* 

Formulas.  If  we  wish  to  calculate  the  trans¬ 
mission  and  reflection  coefficients  for  two  or 
more  plane  homogeneous  panels  in  tandem,  a 
reiteration  of  the  procedure  followed  to  derive 
Equations  (2-46)  and  (2-47)  may  be  used.  Con¬ 
sider  a  plane  wave  In  medium  1  (Figure  2-11) 
incident  on  a  flat  sheet  of  material  2  and  thence 
Into  medium  3  which  extends  to  infinity.  With 
the  understanding  that  all  coefficients  may  refer 
either  to^or  n  polarizations,  we  may  write 
genem  expressions'1  similar  to  Equations 
(2-46)  and  (2-47): 


♦Contributed  by  Robert  E.  Webster,  The  Ohio 
State  University,  Columbus,  Ohio. 
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(2-58) 


(2-59) 


(2-60) 


where  ft13  =  total  reflection  coefficient  of  in¬ 
cident  wave; 

Rjj  =  reflection  coefficient  of  a  wave  in- 

niHont  nrt  tlsn  pnnjl  f TO  1^*  TT^CCliU  ITI 

3,  with  angle  of  incidence  $  3; 

Xi3  =  total  transmission  coefficient  for 
the  panel  (from  the  left  side  of  the 
1-2  interface  to  the  right  side  of 
the  2-3  interface)  with  phase  ref¬ 
erence  taken  according  to  the 
"normal  convention,"  Equation 
(2-52). 


>2  =  ’  J£0  2  (1  ‘  J  tan  s2>  -  sin2  °2  <2*61) 

The  dielectric  constants  of  medium  2  and 
medium  3  relative  to  that  of  medium  1  are  de¬ 
noted  i 2  and*g.  The  angles  of  propagation  In 
regions  1,  2,  and  3  are  denoted  byt' ,  ^2,  and  f>3, 
and  are  related  by 


sin  On  =  — 


sin  <tj  a 


The  interface  reflection  coefficient  rj2  is 
given  by  Equations  (2-36)  and  (2-40)  for  perpen¬ 
dicular  and  parallel  polarization,  after  replacing 
J  by  S2  and  er  by  f  g  in  these  equations.  Fur¬ 
thermore,  r2j  =  -  ri2  and  r32  =  -  r23.  For 
perpendicular  polarization, 
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and,  for  parallel  polarization. 


f3(l-jtan  Sg)  y'-2(1_i tan  ;>2>-siri2  ^  ~  1 
«2 <1  -J tan  S2)  ^gd-jtan  sg)-sin2  ■"  J 

tg(l-j tan i> g)  y^OHtani^ )-sin2o  +| 
egd-J tan >2)  1-jtan  6g)-sin2  j 


The  interface  transmission  coefficients  are 
given  by  t12  =  l  +  r12>  t2j  =  l-r12,  t23  =  l  +  r23 
and  t32  =  1  -  r23.  If  medium  3  were  identical  to 
medium  1,  Equations (2-58)  and (2-60)  would  re¬ 
duce  (with  the  exception  of  the  insertion-phase 
factor  e^’0  “  cos  Ho  Equations  (2-46)  and  (2-47) , 
the  coefficients  for  a  single-layer  panel. 

How  suppose  medium  3  to  be  replaced  by  a 
region  of  free  space  followed  by  another  panel 
Which  in  turn  is  followed  by  an  infinite  half¬ 
space,  as  ln^Figure  2-12.  A  total  transmission 
coefficient  of  the  same  form  as  Equation 
(2-60)  may  be  written  as 


T13  t35  0 


2*3  d3 


1  •  R31  R35  e 


Where  the  Interface  coefficients  have  been  re¬ 
placed  by  the  corresponding  coefficients  appro¬ 
priate  to  the  two  panels  of  materials  2  and  4. 
Letting  d3~*  0,  we  obtain  the  transmission  co¬ 
efficient  for  a  two-layer  panel  from  Equation 
(2-66): 
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T13  T35 


dg  =  0  1  *  R3  1  r35 


(2-67) 


Expressions  for  R15  and  Rgj  maybe  obtained 


manner;  and  so  on,  for  as  many  layers  as  de¬ 
sired.  The  calculation  for  the  ntR  layer  re¬ 
quires  a  knowledge  of  the  coefficients  obtained 
after  addition  of  the  (n  -  l)th  panel  (Tin  =  Tni, 
Rln,  and  ftni)  and  calculations  of  the  new  coef¬ 
ficients  Tf_<){n+i),  R(n-l)(n*l)*an{*%n+l)  (n-1) 
for  the  additional  panel.  The  n  subscripts  refer 
to  the  layer  numbers  (see  Figure  2-13),  In 
meaning  from  the  left  side  of  the  first  layer  to 
the  right  side  of  the  (n-1),  n  interface  (first 
subscript  <  second  subscript);  but  nl  meaning 
from  the  right  side  of  the  (n—  1),  n  interface 
to  the  left  side  of  the  first  layer  (first  sub¬ 
script  >  second  subscript).  All  coefficients  are 
calculated,  of  course,  with  assumed  free  space 
on  either  side  of  the  layer  (or  layers)  in  ques¬ 
tion.  The  expressions  for  the  total  transmission 
and  reflection  coefficients,  after  addition  of  the 
nth  iayer(  become 


l(n  + 1) 


T  In  T(n  -  1)  (n  +  1) 

•  * 

1  ‘  Rnl  R(n  -  1)  (n  +  1) 


>  +  1)1 
(2-68) 


A  p,  .  *ln2  R(n  -  1)  (n  +  1) 

Rl(n+1)  -  Rln +— .  .  -  -  (2-69) 

»  *  Rnl  R(n  -  1)  (n  +  1) 
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n  A  “L. 
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'RnlR(n-  l)(n  +  l) 
(2-70) 


Matrix  Formulation.  The  reiteration  proce¬ 
dures  descrlbedby  Equations  (2-68),  (2-69),  and 
(2-70)  can  beset  up  as  a  series  of  matrix  multi¬ 
plications.  The  formulation  for  any  number  of 


Ft  fur*  2-13.  A  Mull/fupw  Panal 


tandem  panels  Is  then  systematic  and  compact. 
The  formulation  given  here  will  use  scattering 
matrices  as  described  by  Speer  and  Sisson. 

Cuiiaiuci  mu  ImcifaCe  t«u  ocmi-iii- 

finite  media,  as  in  Figure  2-14.  Assume  plane 
waves  traveling  toward  and  away  from  the 
interface  in  butii  media,  and  denote  these  as  A, 
D,  B,  C.  By  application  of  the  boundary  condi¬ 
tions  It  can  be  shown  that  the  linear  relation 
between  the  waves  is  given  by 


Next  '•'nslder  waves  In  a  homogeneous  me¬ 
dium,  referred  to  two  parallel  imaginary  planes 
separated  a  distance  d,  as  In  Figure  2-15.  The 
two  sets  of  waves  are  then  related  linearly  as 


Figm  1-14.  IncUaM  and  RallaelaJ  Wavti  at  an  Intartaca 
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Equations  (2-71)  and  (2-72)  thus  define  an 
Interface  matrix  and  a  position  matrix.  Now 
assume  a  multilayer  sandwich  panel,  for 
example,  the  four-layer  structure  of  Figure 
2-16,  which  contains  five  Interfaces  and  four 
panel  thicknesses  to  be  traversed.  The  inter¬ 
laces  are  numbered  1,  3,  5,  7,  and  6,  and  the 
thicknesses  are  2,  4,  6,  8.  With  each  Interface 
and  thickness  we  associate  matrices  Mi.  Mj, 
.  .  .  Mg,  defined  by  Equations  (2-71)(2-f2),and 
write 


(2-73 ) 


where 


mu  mj2 
*21  *22 


=  M9M8M7M6M5M4M3M2Mj 

(2-74) 


Then  if  H  =  0  and  E  -  1,  G  =  $and  F  =  H,  fora 
wave  incident  on  the  left  side  of  the  sandwich. 
Equation  (2-73)  thus  yields  transmission  and  re¬ 
flection  coefficients  for  the  four-layer  panel. 
This  matrix  formulation  is  simple,  systematic, 
and  easy  to  program  and  check  on  a  high-speed 
computer. 


2-6.  The  "A"  Sandwich* 

The  "A"  Sandwich  consists  of  two  "skins" 
spaced  by  a  "core"  as  in  Figure  2-17,  the  core 
having  a  lower  dielectric  constant  than  the 
skins.  The  "A"  sandwich  was  developed  to  ob¬ 
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E.  L.  Boyce  and  E.  O.  Hartig  of  Goodyear  Air¬ 
craft  Corporation,  and  W,  F.  Croswell  of  Ohio 
State  University  (formerly  Wright  Air  Devel¬ 
opment  Center). 


Flfum  2—17.  SymmMtictl  "A**  or  "8"  Sandwich 


tain  an  increased  strength-to-weight  ratio  as 
compared  with  the  solid  half-wave  wall.  In 
many  cases  where  a  thin  wall  is  not  sufficient 
structurally,  and  where  a  half-wave  wall  is  too 
heavy,  an  "A"  sandwich  Is  used.  The  most 
widely  used  sandwich  for  search  rndomes  is  the 
"A"  sandwich.  The  skins  usually  consist  of 
high  dielectric  constant,  high  strength,  rela¬ 
tively  heavy  materials.  Low  density  foam  ma¬ 
terials  or  glass  fiber  honeycomb  are  used  as  a 
core  material  to  obtain  a  low  dielectric  con¬ 
stant  and  light  weight. 

The  design  of  an  "A"  sandwich  often  proceeds 
as  follows: 


a.  A  skin  material  is  chosen  on  the  basis  of  Its 
mechanical  and  thermal  properties,  as  well  as 
its  dielectric  constant  and  loss  tangent, 

b.  The  skin  thickness  is  chosen  in  such  away 
as  to  provide  sufficient  strength  without  ex¬ 
cessive  weight. 


c.  The  angles  of  incidence  to  be  encountered 
in  the  radome  are  found  from  a  knowledge  of 
the  radome  shape  and  the  location  of  the  glmbal 
point,  using  formulas  such  as  are  given  in  Sec¬ 
tion  G. 


d.  Sandwich  transmission  and  phase  delay 
curves  (or  contours  such  as  shown  in  Figures 
2-18,  2-19,  2-20,  and  2-21) are  used  to  select  a 
core  thickness  which  will  provide  good  elec¬ 
trical  performance  over  the  given  range  of  in¬ 
cidence  angles  for  parallel  and  perpendicular 
polarization. 


A  Lossless  "A"  sandwich  will  give  100  per¬ 
cent  transmission  at  design  angle  of  incidence 
0a  if  the  core  thickness  dc  is  given  by:2’* 


2"  /*c  -  sln2^ 


(2-75) 
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where 


inda  I - “T~ 

•a  — T—  <J  *s  '  s,n"  "0  i2"™) 


The  Interface  reflection  coefficient  r8  is  given 
by  Equations  12-23)  and  (2-25)  for  perpendicular 
and  parallel  polarization  (replace  «r  by  sB). 
Also,  r8Cls  givenby  Equations (2-64)  and  (2-6S) 
(replace  subscripts  2  and  3  by  s  and  c). 

Unlike  the  half-wave  solid  sheet,  an  "A"  sand¬ 
wich  designed  for  maximum  transmission  at  a 
particular  angle  at  incidence  for  perpendicular 
polarization  will  not  have  maximum  transmis¬ 
sion  for  parallel  polarization  at  the  same  angle. 
Furthermore,  the  "A"  sandwich  does  not  have 
the  same  insertion  phase  shift  for  the  two  po¬ 
larizations  at  the  angle  of  Incidence  for  which 
its  transmission  coefficient  is  maximum,  as 
does  the  solid  sheet. 

At  first  sight,  it  might  seem  reasonable  to 
choose  the  core  thickness  which  will  provide 
maximum  transmission  at  the  highest  angle  of 
incidence  to  be  encountered,  using  Equation 
(2-75)  for  perpendicular  polarization.  It  is  ap¬ 
parent  in  Figure  2-18,  however,  that  such  a  de¬ 
sign  may  result  in  poor  transmission  at  lower 
angles  of  incidence.  Thus,  U  Equation  (2-75) 
is  used  to  select  the  core  thickness,  care  must 
be  taken  in  choosing  the  design  angle  of  Inci¬ 
dence  fig,  and  the  design  should  be  checked  by 
computing  the  transmission  which  will  be  ob¬ 
tained  for  both  polarizations  over  the  required 
range  of  incidence  angles. 

Good  transmission  can  be  obtained  by  taper¬ 
ing  the  core  thickness  in  accordance  with  the 
angle  of  Incidence  which  will  be  encountered  at 
each  point  on  the  radome  wall.  As  seen  in  Fig¬ 
ure  2-18  for  perpendicular  polarization,  high 
transmission  throughout  the  incidence  angle 
range  can  be  obtained  in  this  manner. 

Howe/er,  comparison  of  Figures  2-18  and 
2-19  shows  that  no  matter  what  core  thickness 
taper  is  used  either  T,  or  T(|  will  decrease 
rapidly  at  angles  above  the  Brewster  angle.  As 
a  result,  the  "A”  sandwich  is  most  useful  at 
incidence  angles  below  74  to  80°,  In  fact,  one 
of  the  principal  disadvantages  of  the  "A"  sand¬ 
wich  is  the  sensitivity  of  its  electrical  charac¬ 
teristics  to  changes  in  polarization,  particularly 
at  high  incidence  angles.  The  transmission  co¬ 
efficient  may  vary  from  near  100  percent  for 
perpendicular  polarization  down  to  50  percent 
for  parallel  polarization. 

It  appears  that  excellent  properties  could  be 
obtained  by  tapering  both  the  core  thlcknesa  and 


the  core  dielectric  constant  in  accordance  with 
the  angle  of  Incidence  at  each  point  of  the 
radome  wall.  Bv  this  mean*  i*  «hculd  be  pcs . 
sible  to  obtain  maximum  transmission  and  con¬ 
stant  insertion  phase  delay  at  each  point.  The 
dielectric  constant  could  he  tapered  by  varying 
the  density  of  the  foam  material  used  as  the 
core. 

For  radome  designs  where  the  variation  of  in¬ 
sertion  phase  delay  Is  Important,  contour  graphs 
such  as  Figure  2-18  are  particularly  useful. 
This  graph  shows  that  the  constant  Insertion 
phase  delay  curves  are  nearly  orthogonal  to 
the  constant  transmission  curves.  This  means 
that  for  sandwich  radomes  with  fairly  thin 
skins,  a  core  taper  for  constant  Insertion  phase 
shift  will  be  inconsistent  with  the  requirements 
for  high  transmission.  However,  Figures  2-20 
and  2-21  show  that  up  to  70°  incidence  a  very 
low  phase  variation  can  be  obtained  by  the  use 
of  thick  skins  and  an  Increase  of  the  dielectric 
constant  of  the  skin.  Since  the  thickness  of  the 
skin  can  be  held  to  very  close  tolerances,  the 
sandwich  represented  by  these  figures  could  be 
practical. 

The  previous  discussion  has  been  limited  to 
the  consideration  of  symmetrical  "A"  sand¬ 
wiches.  Now  consider  an  "A"  sandwich  having 
skins  of  unequal  thickness.  In  this  case  it  Is 
not  possible  to  obtain  perfect  transmission  for 
perpendicular  polarization  if  the  two  skin  di¬ 
electric  constants  are  the  same.18  As  a  result, 
the  use  cf  this  particular  construction  has  been 
limited.  Since  the  unsymmetrical  "A”  sand¬ 
wich  would  be  useful  where  It  Is  desired  to 
strengthen  the  outside  skin  to  resist  rain  ero¬ 
sion,  more  analysis  of  this  construction  should 
be  made.  Under  certain  conditions,  perfect 
transmission  can  be  obtained  in  a  lossless  non- 
symthetrical  "A"  sandwich  if  the  skins  differ 
both  in  thickness  and  dielectric  constant. 

A  sandwich  which  has  been  introduced  recently 
uses  a  foam  core  which  is  loaded  with  metallic 
particles  to  make  the  core  dielectric  constant 
equal  to  that  of  the  skin.  This  construction 
combines  the  electrical  properties  of  the  solid 
half-wave  wall  with  the  physical  properties  of 
the  sandwich.'8 

The  lossless  "A"  sandwich  can  be  designed 
for  perfect  transmission  at  two  angles  of  inci¬ 
dence,  but  this  requires  thick  skins.  13> 18  To 
explain  how  this  is  possible,  assume  that  the 
core  material  is  air  and  that  each  skin  is  a 
hall-wave  sheet  with  design  angle  the  sand¬ 
wich  will  then  give  perfect  transmission  at 
angle  of  Incidence  #q,  no  matter  what  the  core 
thickness  is.  At  other  angles  of  incidence  some 
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'c/ys  Thickness  of  the  core  in  normalized  units 
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C//  i  thickness  of  the  core  in  normolized  units 


core  core  skin  skin 

dielectric  constant  dielectric  lose  tangent  dielectric  constant  dielectric  loss  tangent 
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c/  -  thickness  of  the  core  in  normalized  units 


45 
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reflection  will  occur  at  each  skin,  but  the  core 
thickness  can  be  chosen  to  make  these  reflec¬ 
tions  cancel  at  anotner  angle  ol  Incidences  j. 
Perfect  transmission  will  thus  be  obtained  at 
angles  "  q  and If  the  above  design  were 
carried  out  for  perpendicular  polarization,  per¬ 
fect  transmission  would  be  obtained  for  parallel 
polarization  at  angles  t'o  and  Oq  (the  Brewster 
angle).  An  "A”  sandwich  of  this  type  might  be 
particularly  useful  at  very  short  wavelengths 
where  Its  weight  would  not  be  excessive  and  Its 
thickness  would  be  an  advantage  rather  than  a 
disadvantage.  If  the  air  core  is  replaced  with  a 
spacer  of  low  dieloctrlc  constant,  perfect  trans¬ 
mission  can  still  be  obtained  at  one  angle  by 
proper  choice  of  core  thickness,  but  some  loss 
of  transmission  would  be  expected  at  angles 
8 0  and  Sg, 

Additional  data  on  "A"  sandwiches  are  given 
In  Chapters  3,  5  and  13.  Tables  of  transmission 
and  reflection  coefficients  and  phase  shift  are 
given  In  reference  20.  Graphs  of  these  data  for 
"A”  sandwiches  are  given  In  reforences  7,  13, 
14,  and  21  through  26.  Additional  Information 
on  "A”  sandwiches  Is  given  In  several  refer¬ 
ences  listed  In  the  bibliography. 

2-7.  The  "B"  Sandwich 

Whereas  the  "A"  sandwich  has  skins  of  higher 
dielectric  constant  than  that  of  the  core,  the 
"B"  sandwich  has  skins  of  lower  dielectric  con¬ 
stant  than  that  of  the  core.  The  "B"  sandwich 
is  often  designed  with  skins  of  thickness  given 
by 


have  good  transmission  over  a  wider  range  of 
Incidence  angles. 

The  lossless  "B”  sandwich  can  be  designed 
for  perfect  transmission  at  two  angles  of  inci¬ 
dence.  *9  To  achieve  this,  *he  skin  dielectric 
constant  is  specified  by 

es  =  Jcc  -  sin2  e  cos  o  +  sin2  e 

(1  polarization)  (2-79) 
or 

£g*  ( «c  -  sin2  6)  cos2  8  =  ec2  ( £s  -  sin^  8) 

(«  polarization)  (2-80) 

The  skin  thickness  Is  then  chosen  by  use  of 
Equation  (2-58).  ThlB  will  result  in  perfect 
transmission  at  the  angle  of  Incidence  used  In 
Equations  (2-70)  and (2-79)  or (2-80).  If  desired, 
the  core  thickness  can  then  be  selected  to  give 
perfect  transmission  at  another  angle. 

The  "B"  sandwich  Is  an  extension  of  the  Idea 
of  quarter -wave  reflectionless  coatings  used  on 
optical  lenses  and  on  infrared  radomes 
(irdomes).1®  On  the  other  hand,  if  the  core 
thickness  of  the  "B"  sandwich  Is  reduced  to  zero, 
the  "B"  sandwich  reduces  to  a  half-wave  wall; 
thus,  since  the  core  is  often  very  thin  (perhaps 
even  vanishing  In  certain  regions  of  the 
radome),  It  seems  natural  to  think  of  the  "B” 
sandwich  as  a  generalization  of  the  half-wave 
wall.  Whether  the  "B"  sandwich  Is  designed 
for  maximum  transmission  or  for  equal  treat¬ 
ment  of  the  two  polarizations,  the  core  thick¬ 
ness  is  a  free  variable  which  can  be  used  to  In¬ 
troduce  a  taper  Into  the  radome  wall  to  control 
the  insertion  phase,  for  example.1® 


ds=‘ 


(2-77) 


4  Jig- Sin2  8 

and  with  a  skin  dielectric  constant  given  by 

«s  -  (2Jl8) 

where  t  s  is  the  relative  dielectric  constant  of 
the  skin.  Under  these  conditions,  regardless  of 
the  core  thickness,  equal  transmission  Is  ob¬ 
tained  for  both  parallel  and  perpendicular  polar¬ 
ization  and  the  insertion  phase  shift  is  the  same 
for  either  polarization,  at  the  design  angle  of 
Incidence.1®  This  design  does  not  provide  max¬ 
imum  transmission.  It  la  possible  to  design  a 
’B"  sandwich  for  maximum  transmission  for  a 
given  polarization  at  a  given  angle  of  Incidence 
without  specifying  the  core  thickness,  but  such 
a  design  does  not  provide  equal  transmission  or 
equal  Insertion  phase  shift  for  the  twc  polariza¬ 
tions.  Tho  weight  of  the  "B"  sandwich  la  likely 
to  be  greater  than  that  of  the ’A"  sandwich  in 
most  cases.  However,  the  "B"  3andwich  may 


The  "B"  sandwich  Is  also  discussed  In 
several  references  listed  In  the  bibliography. 

2-8.  The  "C"  Sandwich 

The  "A"  and  "B"  sandwiches  provide  greater 
flexibility  In  radome  design  than  the  Bolld  sheet 
construction.  Additional  flexibility  .Is  offered 
by  the  "C"  sandwich  (or  double  sandwich), 
which  consists  of  five  dielectric  layers,  as 
shown  in  Figure  2-22.  A  symmetrical  "C" 
sandwich  can  be  considered  as  two  identical 
"A”  sandwiches  with  zero  spacing  between 
them.  Maximum  transmission  can  be  obtained 
with  a  lossless  symmetrical  "C”  sandwich  by 
two  methods: 

a.  Design  each  of  the  two  component  "A" 
sandwiches  for  maximum  transmission  (or 
zero  reflection);  or 

b.  If  the  reflection  coefficients  of  the  two 
component  sandwiches  are  not  zero,  make 
their  individual  reflections  cancel. 
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Flfvn  2-22,  Symmetrical  "C"  Sandwich 


By  satisfying  condition  (a)  atone  angle  of  inci¬ 
dence  and  condition  (b)  at  another,  the  lossless 
"C"  sandwich  can  be  designed  to  have  perfect 
transmission  at  two  angles  of  incidence. 


The  ”C"  sandwich  is  light  in  weight  and  is 
strong.  The  thicker  construction  required  for 
the  "C"  sandwich  (it  is  twice  as  thick  as  the 
corresponding  "A"  sandwich)  gives  much 
greater  mechanical  strength  and  rigidity  —  a 
factor  which  becomes  very  important  lnradome 
design  for  frequencies  above  X-band.  The  other 
factor  that  makes  the  "C”  sandwich  advanta¬ 
geous  is  that  it  can  be  designed  for  high  trans¬ 
mission  up  to  greater  angles  of  Incidence  than 
is  possible  with  the  "A”  sandwich.  However, 
very  close  tolerances  must  be  held  on  the  skin 
thicknesses  to  take  advan*age  of  the  high  inci¬ 
dence  angle  transmission.*' 


Graphs  of  transmission  and  reflection  for  "C" 
sandwiches  are  given  Ln  Reference  27  and  in 
Chapters  5  and  13.  "C"  sandwiches  arediscussed 
in  several  references  listed  in  the  bibliography. 
The  transmission  and  reflection  coefficients  of 
the  "C"  sandwich  can  be  readily  obtained  from 
those  of  the  corresponding  "A"  sandwiches. 
The  equations  for  this  purpose  are  listed  in  Ref¬ 
erence  20. 


SECTION  C.  TOLERANCES  IN  THICKNESS  AND  DIELECTRIC  CONSTANTS* 


2-9.  Parameters  Affecting  Permissible  Toler¬ 
ances 

The  cost  of  producing  a  radome  depends  to  a 
considerable  extent  on  the  tolerances  which  are 
specified  for  the  thickness  and  dielectric  con¬ 
stant  of  the  radome  wall.  Moreover,  of  course, 
the  electrical  performance  of  the  radome  de¬ 
pends  largely  on  the  accuracy  achieved  in  con¬ 
structing  it  according  to  specifications.  Man¬ 
ufacturing  tolerances  are  one  of  the  chief  limi¬ 
tations  ln  the  performance  obtainable  from 
radomes  at  the  present  time. 

It  can  be  stated  ln  general  that  the  permissible 
tolerances  ln  wall  thickness  decrease  as 

a.  The  wavelength  decreases 

b.  The  dielectric  constant  increases 

c.  The  angle  o'  incidence  Increases. 


•Much  of  the  material  In  this  section  is  taken 
from:  Norman  N.  Wiederhornand  Alan  F.  Kay, 
Radome  Design  Criteria  for  Precision  Guidance 
Radar.  Final  Report,  Contract  AF33( 0381-12283, 
McMillan  Laboratory,  Inc.,  Ipswich,  Mass.,  1 
June  1954.  (Confidential),  (AD-49  42S). 


Since  thickness  and  dielectric  constant  toler¬ 
ances  are  larger  for  parallel  than  for  perpen¬ 
dicular  polarization,  design  is  often  made  on 
the  basis  of  the  latter. 


2-10.  Effect  of  High  Dielectric  Constant 

A  lossless  half-wave  wall  of  sufficiently  high 
dielectric  constant  and  precise  thickness  can 
give  arbitrarily  low  reflection  In  any  range  of 
incidence  angles.  This  Is  suggested  ln  Figure 
2-8,  which  shows  the  design  thickness  of  half¬ 
wave  sheets  versus  the  design  angle  of  Inci¬ 
dence,  for  several  choices  of  dielectric  con¬ 
stant.  If  a  high  dielectric  constant  Is  used,  the 
thickness  required  forperfect  transmission  be¬ 
comes  almost  Independent  of  the  design  angle  of 
incidence.  This  is  illustrated  In  Figure  2-63, 
where  it  will  be  noted  that  for  a  thickness  of 
0.283  wavelength  the  power  transmission  coef¬ 
ficient  of  a  sheet  having  a  dielectric  constant  of 
4  remains  above  0.93  for  all  angles  of  inci¬ 
dence  up  to  80°.  A  sheet  of  dielectric  constant 
8  and  thickness  0.186  wavelength  will  provide  a 
power  transmission  constant  greater  than  0.97 
for  angles  up  to  80°.  (Sheets  of  extremely  small 
dielectric  constant  also  can  give  arbitrarily  low 
reflection  in  any  range  of  incidence  angles.) 
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Thlsj.  situation  is  unfortunately  modified  crit¬ 
ically  by  tolerances.  The  dielectric  constant 
'bat  may  be  optimally  employed  Is  limited  by 
the  tolerance  In  dielectric  constant,  thickness, 

'r«4uonC>|  aim  lubo  tangent,  Ab  utebb  tOiCA  - 

ances  go  down,  the  optimum  dielectric  con¬ 
stant  goes  up  and  the  corresponding  reflections 
go  down.  With  the  continued  development  of 
precision  manufacturing  techniques  and  quality 
control,  higher  dielectric  constants  could  be 
employed,  with  ever  improved  electrical 
results. 

This  problem  Is  Illustrated  for  normal  inci¬ 
dence  In  Figure  2-23,  which  shows  the  oower 
transmission  coefficient  versus  thickness  for 
homogeneous  sheets  of  dielectric  constants  2, 
4,  and  8.  Starting  at  the  half-wave  thickness  In 
each  case,  a  much  larger  change  in  thickness 
can  be  tolerated  In  sheets  of  low  dielectric  con¬ 
stant  before  the  transmission  falls  below  0.97. 
The  thickness  variation  permissible  for  trans¬ 
mission  exceeding  0.97  is  0.12,  0.04,  and  0.02 
wavelength,  for  sheets  of  dielectric  constants, 
4,  :>nd  8  respectively, 

2-11.  Calculation  of  Permissible  Tolerances 

Manufacturing  tolerances  In  wall  thickness  and 
dielectric  constant  are  likely  to  occur  as  vari¬ 


ations  randomly  distributed  over  the  wall.  How¬ 
ever,  they  may  occur  in  the  following  ways: 

a.  The  wall  is  everywhere  too  thick  or  too  thin 

u)  a  fiAcii  amumii 

b.  The  wall  is  uniformly  tapered  in  thickness 

c.  The  dielectric  constant  is  everywhere  too 
high  or  too  low  by  a  fixed  amount 

d.  The  dielectric  constant  varies  linearly  along 
the  length  of  the  wall. 

The  tolerances  which  are  permissible  depend 
on  the  manner  In  which  the  variations  occur. 
The  least  harmful  errors  arethoae  in  which  the 
thickness  (or  dielectric  constant)  has  many 
rapid  fluctuations  along  the  length  of  the  wall, 
such  that  the  average  value  over  any  area  of, 
say,  one  square  wavelength  of  the  surface  is 
equal  to  the  exact  value  specified.  Long  taper¬ 
ing  errors  are  likely  to  introduce  much  more 
beam  tilting  and  pattern  distortion  than 
randomly  distributed  tolerances. 

To  determine  the  fabrication  tolerances  nec¬ 
essary  to  maln'aina  given  tolerance  In  trans¬ 
mission  coefficient,  consider  the  case  in  which 
the  sheet  is  uniformly  too  thick  by  an  amount  Ad 


Flfun  2-23,  Paw  if  TVontWitlon  CoaffkinMt  of  Laatlmte  Howoftmous  Plant  Shtt»  far  Hnmal  In  a  (Janes 
(Tnntmlnnl on  EnennJt  97  Pnrcant  In  SkaM  Rational 
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and  the  dielectric  constant  is  uniformly  too  high 
by  an  amountAcr,  Accordingto  Equation (2-47), 
if  the  electrical  thickness  of  a  lossless  homo- 
aeneous  sheet  differs  slightly  from  that  of  a 
half-wave  sheet  of  order  n,  the  loss  in  power 
transmission  will  be 


ATj2 


"2  (<r  -  D2 

Ad 

cos3  8 

''O 

n  Ac, 


(2-81) 


If  the  transmission  tolerance  is  equally  dis¬ 
tributed  between  tolerances  in  thickness  and  di¬ 
electric  constant,  and  if  a  loss  in  power  trans¬ 
mission  of  ATf  is  permissible,  the  tolerances  are 


Ad  = 


^  f  A  T|_*  cos  6 


2  M«r  -  x> 


(2-82) 


and 


Acr  =  2 


-  sin2  e)3  J  a  t^2  cos  e 


nn(er  -  1) 


(2-83) 


From  Equations  (2-32)  and  (2-83),  it  will  be 
seen  that  the  permissible  tolerances  are  com¬ 
paratively  large  for  low.  dielectric  constants 
and  low  angles  of  incidence,  but  they  become 
very  small  for  high  dielectric  constants  and 
high  angles  of  Incidence.  Also,  the  tolerances 


are  more  severe  in  a  high-order,  half-wave 
sheet  than  in  a  lower  order  sheet.  From  Equa¬ 
tion  (2-81),  it  will  be  seen  that  if  the  dielectric 
constant  is  ton  high,  it  can  he  compensated  by  a 
reduction  in  thickness. 

The  thin  sheet  can  be  considered  as  a  half¬ 
wave  sheet  of  order  zero.  Now,  the  half-wave 
sheet  of  order  zero  has  a  design  thlcKness  of 
zero,  as  shown  in  Equation  (2-56);  thus,  the 
thickness  of  the  thin  sheet  is  analogous  to  the 
thickness  tolerance  in  the  n^1  -order  half-wave 
sheet.  With  this  in  mind,  Equation  (2-81)  is 
applicable  to  the  thin  sheet,  and  it  is  noted  that 
Equation  (2-81)  agrees  with  Equation  (2-54). 
Thickness  and  dielectric  constant  tolerances 
are  quite  unimportant  in  the  thin  sheet  unless 
they  produce  changes  in  electrical  thickness 
which  are  comparable  to  the  design  value  of 
electrical  thickness.  This  is  illustrated  in  Fig¬ 
ures  2-6  and  2-7  in  which  it  is  noted  that  a  100 
percent  increase  in  thickness  of  the  thin  sheet 
produced  no  serious  change  in  electrical  cha  • 
acteristics. 

In  sandwiches  it  is  necessary  to  consider 
thickness  tolerances  in  both  the  skin  and  the 
core,  as  well  as  dielectric  constant  tolerances 
in  both  the  skin  and  the  core.  It  Is  found  that 
for  the  "A"  sandwich  good  transmission  can 
be  obtained  through  high  angles  of  incidence 
only  if  the  skins  are  very  thin  and  the  core 
thickness  is  held  to  a  close  tolerance.3)13  In 
the  ”C"  sandwich,  very  close  tolerances 
must  be  held  on  the  skin  thicknesses  to  obtain 
good  transmission  at  high  angles  of  incidence.2 ' 

The  problems  of  tolerances  are  considered  in 
several  references  listed  In  the  bibliography. 


SECTION  D.  POLARIZATION* 


2-12.  Effect  of  Polarization 

Up  to  this  point  the  characteristics  of  flat 
sheets  have  been  considered  only  for  incident 
plane  waves  having  parallel  or  perpendicular 
polarization.  In  these  two  cases  the  trans¬ 
mitted  and  reflected  waves  have  the  same  polar¬ 
ization  as  the  incident  wave.  (This  follows  from 
the  results  obtained  in  Section  A.)  Generally, 
however,  the  wave  Incident  at  a  given  point  on  a 
radome  wall  has  neither  parallel  nor  perpendi¬ 
cular  polarization;  Instead,  the  incident  wave 


♦Much  oi  the  material  in  this  section,  through 
Equation  (2-96),  is  contained  in  Reference  28; 
Robert  E.  Webster.  Elliptical  polarizations  and 
radome  errors.  Report  663-3,  Contract  5T 
33(616)-3277,  Antenna  Laboratory,  Ohio  State 
University,  15  November  1956. 


may  be  elliptically  polarized  as  shown  in  figure 
2-24,  or  it  may  be  linearly  polarized  with  its 
electric  field  intensity  vector  making  an  angle 


Flyura  2-24.  Caar dlnataa  Far  an  Elllfihally  Polar  had  Wav 
IncldaM  m  a  DlatacMc  Shawl 
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^  with  the  plane  of  Incidence,  as  in  Figure  2-25. 
In  these  cases,  the  polarisation  of  the  trans¬ 
mitted  wave  will  generally  differ  from  that  of 
the  incident  wave.  This  depolarization  effect  Is 
undesirable  since  It  may  represent  a  loss  of 
useful  power  and  it  contributes  to  the  directional 
errors  introduced  by  the  radome. 


and 

Ed  =  (E,;  iA-  Ej*  I „)  e,<#>  (2-88) 

The  subscripts  1  and  d  are  Intended  to  indicate 
the  words  "Incident”  and  "depolarized,"  re¬ 
spectively. 


2-13.  Transmission  Coefficients  for  Elliptical 
Polarization. 

1  ransmlssion  through  an  isotropic  plane  sheet 
or  sandwich  with  an  incident  wave  of  arbitrary 
polarization  can  be  expressed  in  terms  of  the 
transmission  coefficients  for  parallel  and  per¬ 
pendicular  polarization.  To  do  this,  It  is  con¬ 
venient  to  define  two  unit  vectors  in  and  I,  which 
are  perpendicular  to  each  other  and  to  the  axis 
of  propagation,  as  shown  in  Figures  2-24  and 
2-25.  Let  i  n  and  l^be parallel  and  perpendicular 
to  the  plane  of  Incidence,  respectively.  Then 
the  transmitted  wave  can  be  expressed  in  terms 
of  its  components  having  parallel  and  perpen¬ 
dicular  polarization,  as  follows: 

ilt  =  E^li+  Etll  ill  (2-84) 


The  value  ofy'  will  depend  on  the  choice  of 
phase  reference,  and  will  be  left  arbitrary  for 
the  present.  The  expression  for  given  by 
Equation  (2-88)  fulfills  the  following  require¬ 
ments: 

a.  It  assures  that  the  polarization  of  is 
orthogonal  to  that  of  Hip  (For  example,  right 
circular  and  left  circular  polarizations  are 
orthogonal;  vertical  and  horizontal  linear  po¬ 
larizations  are  orthogonal.) 

b.  It  makes  the  power  density  of  the  wave 
equal  to  that  of  the  incident  wave  £p  This  nor¬ 
malizes  Tq  in  the  proper  manner,  . 

Equations  (2-85)  through  (2-88)  car.  be  solved 
for  the  transmission  coefficients,  yielding 


If  Ein  and  denote  the  components  of  the  in¬ 
cident  wave  having  parallel  and  perpendicular 
polarization,  the  transmitted  wave  Is  also  given 
by: 

Et  =  f1Eliii  +  T||  Eln  1„  (2-85) 

Frequently  it  is  of  interest  to  express  the 
transmitted  wave  as  the  sum  of  a  component 
having  the  same  polarization  as  the  Inci¬ 
dent  wave,  and  a  component  Tq  jfeq  having  the 
orthogonal  polarization,  as  follows: 

Et  =  *1  fil  +  Td  Ed  (2-86) 

where 

Si  =  Eilil  +  EiH  1,|  (2-87) 


*leu2  +  *ii  E1II2 

Eli2*  Bill 2 


and 


*d -(+!•*«) 


*  A  " J * 

EU.*Til  e 

=111* 


(2-89) 


(2-90) 


2-14.  Transmission  Coefficients  Using  Axial 
Hattos. 

Equations  (2-89)  and  (2-90)  are  compact  and 
useful,  but  ,to  use  .them  one  must  insert  the 
values  of  E^  and  K< |t  for  the  particular  prob¬ 
lem,  In  many  cases  the  incident  wave  Is  more 
conveniently  described  by: 


a.  The  axial  ratio  r  (ratio  of  minor  axis  to 
major  axis)  of  its  polarization  ellipse;  and 

b.  The  polarizing  angle  f  between  the  plane  of 
Incidence  and  the  major  axis  of  the  polariza¬ 
tion  eUip  je.  (See  Figure  2-24.) 

Expressions  for  Tj  and  Tj  will  now  be  de¬ 
rived  in  terms  of  r  andf  .  The  xt-  and  y^-axes 
and  unit  vectors  1*  and  will  be  chosen  to 
coincide  with  the  major  and  minor  axes  of  the 
incident  polarization  ellipse,  so  that  the  inci¬ 
dent  wave  can  be  written: 

Ej  =  (I*  -  jriy)  Eix 


ftiun  2-25.  Uifotlf  Polmlnd  W«v»  •  nd  ff»  Pmnlltl 
and  Ptipudkutor  Component* 
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(2-91) 


The  parallel  and  perpendicular  components  of 
the  incident  wave  are,  from  Equation  (2-91)  and 
Figure  2-24, 

t[|l  =  (cos  -  Jr  sin  ,)  EjX  (2-92) 

and 

Ej^fsini  +  Jrcos;)Elx  (2-93) 

i 

From  Equations  (2  -85),  (2-92),  and  (2-93),  the 
transmitted  wave  is  given  by 

fit  =  [i||  (cos£  -  Jr  sin  *)  l||  + 

1  .  (2-94) 

Tj_  (sin  f  +  Jr  cos  * )  JU  E^ 


The  transmitted  wave  can  also  be  written  as  in 
Equation  (2-86)  us  follows: 


lt=  Tt  (lx  -  jrjy)  +  Td  (rjx  +  Jiy)  Elx  (2-95) 

From  Equations  (2-94)  and  (2-95  ,  the  desired 
expressions  for  the  transmission  coefficients 
are 


f  _  (r2sin2f +cos2f )  f||  +(ain' 


5  tt  tua 


1  + 


(2-9 


a.  The  incident  wave  has  perpendicular  polar¬ 
ization  (  ,‘  =  90°,  r  =  0); 

b.  The  Incident  wave  has  parallel  Dolarl/.atlnn 
(/  =  0U,  r  =  0);  or 

c.  =  tn  . 

If  the  incident  wave  is  linearly  po!arized(r  -  0) 
at  angle-;  asindicated  in  Figure  2-14,  Equations 
(2-96)  and  (2-97)  show  that 

T|  =  T||  cos2  £  +  T^sin2  £  (2-98) 

and 

Td  <*!'  T„)  sin  2£  (2-99) 

By  IRE  standards,  the  g  vectorof  a  right-cir- 
cularly  polarized  wave  rotates  clockwise  from 
the  viewpoint  of  an  observer  looking  along  the 
axis  of  propagation  at  the  departing  wave;  thus, 
if  the  incident  wave  is  right-circularly  polar¬ 
ized  (r  =  1),  Equations  (2-96)  and  (2-97)  show 
that 

fi=|(f|(+tA)  (2-100) 

and 


and 


-  <V  i»> 


* 

— 


j  sin  2£ 


r  cos  2( 

TTr5 


(2-97) 


In  view  of  Equation  (2-65),  the  quantities  Tn 
and  ‘Jbi  appearing'  In  Equations  (2-96)  and  (2-97) 
must  be  the  "Insert  transmission  coefficients" 
defined  by  Equation  (2-47)  (or  corresponding 
equations  in  the  case  of  sandwiches).  From 
Equations  (2-91)  and  (2-95),  the  transmitted 
wave  component  having  the  same  polarization 
as  the  incident  wave  will,  at  each  point  in  space, 
have  field  intensities  equal  to  times  those 
which  would  exist  at  the  same  point  if  the  di¬ 
electric  sheet  were  removed.  The  phase  angle 
of  Ti  is  equal  to  the  insertion  phase  advance 
angle  for  the  wave  component  whose  polariza¬ 
tion  has  been  unchanged  in  traversing  the  sheet. 
Also,  from  Equations  (2-91)  and  (2-95),  the 
phase  angle  of  Td  equals  the  phase  advance  of 
the  cross-polarized  transmitted  component 
relative  to  the  phase  the  Incident  wave  would 
have  at  the  same  point  In  the  absence  of  the 
dielectric  sheet,  (The  phase  reference  for  Td 
Is  the  major  axis  of  the  Incident  polarization 
ellipse.) 


From  Equation  (2-97),  no  depolarization  will 
occur  If 


V|(tn  *  'il)e'J2*  (2-i°i) 

An  incident  wave  whose  E  vector  rotates 
counterclockwise  can  be  represented  conven¬ 
iently  by  assigning  a  negative  numerical  value 
to  the  axial  ratio.  For  example,  Equation  (2-91) 
will  represent  a  left-circularly  polarized  wave 
If  r  Is  given  the  value  -1,  Graphs  of  transmis¬ 
sion  coefficients  for  circular  polarization  are 
given  in  References  12  and  29. 

In  general,  the  transmitted  wave  component 
which  is  of  Interest  will  have  a  polarization 
(axial  ratio  rj  and  polarizing  angle  that  may 
differ  from  that  of  the  incident  wave  (r,f).  In 
this  event,  it  is  convenient  to  express  the  wave 
transmitted  through  the  plane  sheet  as  a  com¬ 
ponent  A  having  polarization  (ri,  f  ^),  plus  an 
orthogonal  component  EJ,  as  follows: 

Et  «[A  (^  -  jr j  ij.)  +  B(r  j  +  jl^E*  (2-102) 

where  and  iy  are  unit  vectors  parallel  to  the 
major  and  minor  axes  of  the  polarization  ellipse 
of  the  transmitted  component  A.  The  incident 
wave  given  by  Equation  (2-91)  can  also  be  ex¬ 
pressed  in  terms  of  a  component  Aq  having  po¬ 
larization  and  an  orthogonal  component 

&0  as  follows: 
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(2-107) 


tl  =[*oUx  " J1"  1  ly)  +  Bofrlii+jly^Etx  (2-103) 

An  expression  for  Ag  can  be  obtained  from 
Equations  (2-91)  and  (2-103)  and  A  can  be  ob¬ 
tained  froru  Etjutuiutia  (2-54)  and  (2-102).  In 
this  manner  the  insert  transmission  coefficient 
for  the  component  r1(  £  j  Is  found  to  be: 


+  *±  ♦<*„-*!> 


(2-104) 


j(l-rrt)  cos  fc)  +  £)  +  (r-ri)  sin  (£x  +  t ) 
)(l+rr  t)  cos  (<*!  -  £)  -  (r+r^  sin  (£\  -£)^ 

T,  gives  the  amplitude  and  phase  of  the  trans¬ 
mitted  component  r,  £.  relative  to  its  amplitude 
and  phase  at  the  same  point  in  the  absence  of 
the  dielectric  sheet.  Thus,  f  i  may  assume 
magnitudes  greater  than  unity  u  the  dielectric 
sheet  has  the  proper  depolarization  properties. 


Itia  desirable  to  defines  similar  transmission 
coefficient  which  is  normalized  to  unit  maximum 
magnitude.  This  can  be  accomplished  by  using 
as  a  refer.  nee  the  wave  transmitted  through  a 
hypothetical  sheet  having  the  following  proper¬ 
ties: 

1.  nonreflecting, 

2.  lossless, 

3.  no  Insertion  phase  shift  for  component  ri 

*1- 

4.  completely  transforms  from  polarization 
ri  to  polarization  i^. 

If  the  incident  wave  is  given  by  Equation  (2-91) 
or  (2-103),  the  wave  transmitted  through  such  a 
sheet  Is  expressed  by 


=  A 


-i Ad 

\  1  +  r2 


(f  „  +tA)  [J  U  +  "i)  cos  (i  i  -  £)  -  \ 

(r  +  rj)  sin  (i2  -  i)]  +  /  -JA£ 

<T,(  -f1)[l(l-rr1)cos(i1+i)+  ( 

(r  -  rj)  sin  (£j  +  f)J  ) 


2j  /(I  +  r'j2)  (1  +  r2)  (2-108) 

,  • 

These  two  transmission  coefficients  T,  and  T2 
have  the  same  phase  angles  (equal  to  the  inser¬ 
tion  ptjaae  advance)  but  different  magnitudes. 
While  T^uses  the  incident  wave  as  a  reference, 
T,  compares  the  wave  transmitted  through  a 
slieet  to  that  transmitted  through  a  perfect  po¬ 
larization  transformer.  As  would  be  expected, 
Tf  and  Tj  both  reduce  to  the  same  .expression 
as  is  given  by  Equation  (2-90)  for  T,  if  r  =  r 
and  ij  *  f .  11 


As  an  example  of  the  use  of  Equation  (2-104), 
suppose  the  incident  wave  has  0  db  elliptical 
polarization  (that  is,  the  field  along  the  major 
axis  is  6  db  stronger  than  that  along  the  minor 
axis)  with  clockwise  rotation,  and  with  the  major 
axis  parallel  to  the  plane  of  incidence.  Then 
r  “  0.5  and  £  -  0,  Now  suppose  that  it  is  desired 
to  determine  the  amplitude  and  phase  of  the 
right-circularly  polarized  component  of  the 
transmitted  wave.  Then  ri  <*  1  and  Equation 
(2-104)  shows  that 


2  T„  +  TA 


(2-109) 


f; 


1  +  r 


«t-  -  Jr^)  E«*  * 


(2-105) 


From  Equation  (2-108),  the  normalized  trans¬ 
mission  coefficient  for  this  example  is 


where  A '  is  the  phase  angle  of  An  and  is  given 
by 


Aq  =  tan“ 1 


r  +  r  j 


1  +  rri 


tan  (£  i  -  () 


(2-106) 


Thus,  the  normalized  transmission  coefficient 
is 


’’f2  “ 


2  T„  +  T, 


v/l0T 


(2-110) 


Additional  formulas  for  polarization  analysis 
and  discussions  of  the  relationships  between 
polarization  and  radome  errors  are  given  in 
several  references  listed  in  the  bibliography. 


57 


SECTION  E.  MAGNETIC  RADOME  MATERIALS 


2-15.  Practical  Difficulties 


2-17.  Obtaining  High  Transmission  Coefficient 


1  In  fr»  t  hi  ■  r»r*ir»*  *h»  nlnna-i»in««  * 

properties  have  been  considered  only  for  plane 
sheets  constructed  of  nonmagnetic  dielectric 
materials;  that  is,  the  permeability  of  the  di¬ 
electric  sheets  was  assumed  equal  to  that  of 
free  space  Q.  Some  dielectrics  have  a  perme¬ 
ability  appreciably  different  from  that  of  free 
space,  even  at  radar  frequencies.  Unfortunately, 
the  ferrites  appear  to  be  too  lossy  in  their 
present  state  of  development  for  radome  use.30 
However,  the  relative  permeability  of  a  dielec¬ 
tric  can  be  made  considerably  less  than  unity  by 
loading  with  metallic  particles.  A  dielectric 
material  can  be  made  magnetic  by  embedding 
in  it  an  array  of  conducting  loops  of  the  proper 
diameter.  Similar  effects  are  obtained  if  a  thin 
metal  sheet,  perforated  with  an  array  of  holes, 
is  embedded  in-  the  dielectric  sheet. * 1  Gener¬ 
ally  the  electric  or  magnetic  loss  tangent  tan 
se  or  tan  s„  becomes  excessively  large  when 
a  medium  \b  loaded  with  metallic  objects  to 
produce  a  large  change  in  dielectric  constant  or 
permeability.  As  an  added  complication,  a 
metallic  loading  which  reduces  the  permeability 
is  likely  to  increase  the  dielectric  constant  in 
such  a  way  as  to  make  tt  difficult  to  achieve  a 
propagation  constant  equal  to  that  of  free  space. 


2-18.  Elimination  of  Refractive  Shift 

Snell’s  law  for  magnetic  materials  states  that 
a  plane  wave  Incident  at  angle  0  on  a  plane  di¬ 
electric  surfaoe  will  be  refracted  at  an  angle 
f'r,  R^en  by 

sin  «_  * 

fTZ  (2-1H) 


Alternatively,  magnetic  materials  could  be 
used  to  obtain  a  high  transmission  coefficient. 
If  a  low-loss  material  is  used,  maximum  trans¬ 
mission  wlllbe  obtained  if  the  sheet  is  designed 
to  be  nonreflecting.  This  might  be  accomplished 
by  minimizing  the  interface  reflection  coeffi¬ 
cients.  For  lossless  magnetic  dielectrics, 
Equations  (2-23)  and  (2-25)  become 


Up  cos  0  -  , 

J  Up  ‘p  -  sin2  o 

Up  COS  6  + 

t 

yup  'r  -  sin2  8 

<p  COS  0  - 

Jup  «r  -  sin2  6 

«P  COS  6  + 

y  ur  «p  -  sin2  o 

(2-113) 


(2-114) 


Equations  (2-113)  and  (2-114)  will  apply  to 
lossy  materials  if  «r  is  replaced  with  'r(l-j 
tan  5  e)  and  ur  is  replaced  with  ur(l-J  tan  sm). 


In  nonmagnetic  media  the  angle  of  zero  inter¬ 
face  reflection  (Brewster  angle)  occurs  only  for 
parallel  polarization;  by  UBing  magnetic  mater¬ 
ials,  however,  the  firewater  effect  can  be  ob¬ 
tained  for  both  polarizations.  From  Equations 
(2-113)  and  (2-114),  zero  reflection  will  be  ob¬ 
tained  at  normal  incidence  if 


=  «r  (2-115) 

If  the  permeability  is  chosen  to  satisfy  Equa¬ 
tion  (2-115),  this  will  match  the  impedance  of 
the  sheet  to  that  of  free  space  for  normal  inci¬ 
dence. 


where  ur  =  u/uq  is  the  relative  permeability;  and 
er  ^  t/f  q  is  the  relative  dielectric  con¬ 
stant. 

To  reduce  the  pattern  distortion  and  the  angu¬ 
lar  errors  introduced  by  a  radome,  it  is  de¬ 
sirable  to  minimize  the  refractive  shift  ex¬ 
perienced  by  a  ray  as  it  passeB  through  the 
radome  wall  (see  Section  H).  This  can  be  ac¬ 
complished  In  a  nonmagnetic  half-wave  sheet 
only  by  use  of  a  very  low  or  very  high  dielectric 
constant.  If  a  magnetic  material  Is  used,  how¬ 
ever,  refraction  is  eliminated  merely  by  choos¬ 
ing 

ur  tp  a  1  (2-112) 

If  Equation  (2-112)  is  satisfied,  the  propaga¬ 
tion  constant  in  the  sheet  will  be  equal  to  that 
of  free  space,  neglecting  losses  in  the  material. 


Lossless  nonrefracting  media  (urCp  -  1)  are 
considered  in  Reference  32. *  For  such  media, 
Equations  (2-113)  and  (2-114)  become 

Up  -  1 

rJ.  =  -  r||  - - -  (2-lie) 

Up  +.  1 

Thus,  the  Interface  reflection  coefficient  be¬ 
comes  independent  of  polarization  and  angle  of 
Incidence.  Now,  reflection  will  be  eliminated 
for  all  angles  and  for  all  polarizations  if  up  is 


*The  material  in  the  remainder  of  this  section 
Is  from  Reference  32  by  Charles  K.  Schramm  , 
Jr.,  "Propagation  Constant  and  the  Radome," 
Technical  Report  53-297,  Wright  Air  Develop¬ 
ment  Center,  Ohio,  August  1953,  (AD-21  967). 
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1;  see  Equations  (2-116).  This  shows  that  the 
ideal  radome  material  (as  far  as  the  electrical 
properties  are  concerned)  is  air,  since  for  air 
=  (r  =  !•  We  might  let;-pfr  be  unity  (to 
eliminate  refraction),  and  see  how  far  i'rnnd,r 
ran  vary  from  unit  before  the  electrical  prop¬ 
erties  of  the  radome  wall  become  poor. 

From  Equation  (2-47),  the  transmission  coef¬ 
ficient  of  a  lossless  homogeneous  sheet  is 


1  -  2r2coa|2/3Qd  <r  -  sin2fll  +r4 

Therefore,  the  thickness  of  a  half-wave  homo¬ 
geneous  sheet  d  order  n  is 

,,  n^0 

2  y )jY  tp  -  sin®  0  (2-118) 

At  its  design  angle  of  Incidence,  the  lossless 
half-wave  magnetic  sheet  has  perfect  transmis¬ 
sion  for  both  polarizations,  and  the  insertion 
phase  shift  is  the  same  for  both  polarizations. 


For  a  given  angle  of  incidence,  the  transmis¬ 
sion  coefficient  is  minimum  when  the  thickness 
is  Just  one-half  of  the  value  given  by  Equation 
(2-118).  In  this  situation,  the  sheet  might  be 
called  a  "quarter-wave  sheet."  At  the  angles 


of  Incidence  for  which  the  sheet  is  a  quarter- 
wave  sheet,  the  transmission  coefficient  Is 

t  1  - 

^mln  "  "I  ;y  (2-119) 

i  +  r** 

and,  for  the  nonrefracting  case, 

2>Jt 

^  min  "  ^  min  =  “  "o  (2-120) 

1  +  ur 

Now,  it  '..an  be  shown,  from  Equa“on  (2-120). 
that  the  power  transmission  for  a  1<  ssless  non- 
refracting  sheet  will  exceed  80  percent  for  all 
angles  of  Incidence  if  «r  is  less  than  1.62  (or 
is  greater  than  0.618). 

2-18.  Insertion  Phase  Variation  Versus  Angle 
of  Incidence 

A  very  useful  property  d  the  half-wave  non- 
ref  .‘acting  sheet  is  the  very  small  insertion 
phase  variation  versuB  angle  of  incidence.  For 
example,  if  the  dielectric  constant  Is  2,  the 
phase  varies  by  only  ±7°  for  Incidence  angles 
from  0  to  90°.  Furthermore,  since  rj.  mid  ( 
are  er  ‘-ti?.  (except  for  the  minus  sign),  T||  and 
+L  ai  also  equal  for  all  angles  d  incidence  if 
the  sheot  Is  made  of  lossless  material  with 
^rer«  1,  As  was  shown  in  Section  D,  a  sheet 
of  this  type  will  produce  no  depolarization. 

Magnetic  radome  materials  are  considered  in 
several  references  listed  in  the  bibliography. 


SECTION  F.  ANIBOTROPIC  MATERIALS  AND  CONSTRUCTIONS 


The  electrical  properties  d  some  uato  rials 
depend  on  the  relative  orientation  of  the  mater¬ 
ial  in  the  electromagnetic  field.  This  is  true  of 
many  crystalline  materials  and  at  ferrites, 
electron  beams,  and  ionized  gas  in  the  presence 
of  a  steady  magnetic  field.  This  anisotropic 
effect  can  be  produced  artificially  by  loading  an 
ordinary  dielectric  material  with  a  lattice  of 
parallel  metal  dipoles.  A  great  variety  of  other 
artificial  anisotropic  constructions  have  also 
been  studied. 


The  properties  at  a  homogeneous  sheet  of  or¬ 
dinary  dielectric  often  seem  to  be  inadequate 
for  radome  uses.  The  use  of  sandwiches  widens 
the  range  of  characteristics  which  the  radome 
designer  can  obtain.  Still  greater  flexibility  is 
obtainable  through  the  use  of  magnetic  or  aniso¬ 
tropic  materials. 


2-19.  Effect  on  Dielectric  Constant 

In  an  anisotropic  medium,  the  effective  dielec¬ 
tric  constant  depends  on  the  orientation  of  the 
elec  trio  field  Intensity  vector.  To  an  x-polor- 
ized  field,  the  medium  would  appear  to  have  a 
dielectric  constant  e  to  a  y-polarized  field 
the  effective  dielectric  constant  would  be  £y- 
and  to  a  z-polarlzed  field  It  would  be  e2.  If  the 
coordinate  axes  are  chosen  to  coincide  with  the 
preferred  axes  (or  "principal  axes")*  of  the 
medium,  the  parameters  tXi  ey>  and  cz  are  suf¬ 
ficient  to  describe  completely  the  dielectric 
properties  of  the  material.  The  dielectric  con¬ 
stant  can  then  be  represented  as  follows: 


♦These  are  related  to  the  crystal  axes  in  crys¬ 
talline  media,  and  to  the  dipole  axis  in  media 
loaded  with  dipoles. 
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Ax  0  0  \ 

'  [o  oy  «°J  '2-121> 

Maxwell's  equation 

V  x  H  =  -  Jiui  E  (2-122) 

bee  nes,  for  anisotropic  media,  the  following 
set  of  three  equations: 

[9"-)x=‘KEx  (2-123) 


(V  x  H,y  j *>«  £y  (2-124) 

and 

(v  x  H)z  «  -  ]«« z  Ez  (2-125) 

If  the  medium  also  possesses  magnetic  aniso¬ 
tropy,  the  permeability  will  have  three  principal 
values,  and  It  can  be  represented  In  a  manner 
similar  to  Equation  (2-121).  Theo  Maxwell's 
equation 

v  x  E  -  J^H  (2-126) 

can  be  written  as  a  sot  of  three  equations  sim¬ 
ilar  to  Equations  (2-123),  (2-124),  and  (2-125). 

2-20.  Effect  on  Polarization 


panel  being  determined  by  <  y  and  ...  An  x-polar- 
ized  incident  wave,  however,  will  propagate 
through  the  panel  via  a  waveguide  mode  with  a 
propagation  constant  determined  by  «x,>.i,  and 
the  spacing  of  the  slats.  Because  of  this  and 
because  >y  is  greater  than  fx,  the  curve  cl 
propagation  constant  versus  frequency  for  x- 
polarizatlon  is  very  nearly  parallel  to  that  for 
y-polarization over  abroad  band  of  frequencies. 
By  properly  choosing  the  panel  thickness,  a 
differential  phase  shift  of  90°  can  be  obtained 
for  x-and  y-polarized  components  of  the  in¬ 
cident  wave.  If  a  wave  linearly  polarized  at  an 
angle  of  45°  with  respect  to  the  y-axis  Is  in¬ 
cident  normally  upon  the  panel,  a  circularly 
polarized  wave  will  be  transmitted  through  the 
panel.  These  techniques  and  modifications  of 
them  suggest  Interesting  applications  to  radome 
construction. 

If  the  incident  wave  has  parallel  or  perpendic¬ 
ular  polarization,  there  Is  one  type  of  aniso¬ 
tropic  flat  sheet  which  will  not  depolarize,  re¬ 
gardless  of  the  plane  of  Incidence.  Assuming 
the  xy-plane  is  parallel  to  the  surfaces  of  the 
sheet,  the  parameters  of  thiB  special  medium 
are  related  by3* 

fx  "  ey  (2-127) 

and 

^x  =  ^y  (2-12B) 


Anisotropic  media  that  have  their  own  pre¬ 
ferred  axes  may  introduce  undesirable  depolar¬ 
ization  when  such  materials  are  used  in  radome 
construct!'', us.  it  haB  been  pointed  out  that  an 
Isotropic  let  ,eet  produces  no  depolarization 
when  the  incident  plane  wave  has  parallel  or 
perpendicular  polarization;  however,  with  paral¬ 
lel  or  perpendicular  Incident  polarization  an 
anisotropic  sheet  will,  In  general,  excite  both 
parallel  and  perpendicular  polarization  com¬ 
ponents  lit  the  transmitted  wave  (unless  two  of 
the  principal  axes  of  the  medium  are  In  tho 
plane  of  incidence).  Thus,  even  at  normal  In¬ 
cidence  depolarization  may  occur  unless  the 
lnoidentfleld  vectors  are  parallel  with  the  prin¬ 
cipal  axes  of  the  medium. 

This  phenomenon  has  been  put  to  practical 
use  (Reference  33)  In  a  polarizing  panel  con¬ 
sisting  of  an  anisotropic  dielectric  with  <y 
greater  than«x,  (The  xy-plane  is  the  surface 
of  the  panel,  as  shown  In  Figure  2-5).  At  In¬ 
tervals  along  the  y-axis  there  are  embedded  in 
the  panel  metal  slats  whose  planes  are  parallel 
to  the  xz-plane.  For  normal  Incidence,  a  y- 
polarlzed  incident  wave  Is  not  affected  by  the 
thin  metal  slats,  its  propagation  constant  in  the 


A  medium  which  satisfies  Equations  (2-127) 
and  (2-128)  is  called  a  uniaxial  medium  because 
it  has  only  one  preferred  axis,  the  z-axis.  An 
example  would  be  a  flat  sandwich  constructed  of 
a  number  of  thin,  flat  isotropic  sheets  of  alter¬ 
nating  dielectric  constant,  as  shown  in  Figure 
2-26.  Such  a  sandwich  behaves  approximately 
as  an  equivalent  homogeneous  sheet  having  an 
effective  dielectric  constant  along  the  z-axls 
which  differs  from  its  effective  dielectric  con¬ 
stant  along  tho  x-  or  y-axes. 

2-21.  Interface  Reflection  Coefficients 

The  transmission  coefficients  for  solid  sheets 
and  sandwiches  are  derived  for  the  uniaxial 
case  in  Reference  34.  To  illustrate  the  rela¬ 
tionships  involved,  the  interface  reflection  co¬ 
efficients  for  tills  case  will  now  be  developed. 
For  perpendicular  polarization,  using  the  coor¬ 
dinates  and  directions. of  propagation  shown  in 
Figures  2-1,  Equations  (2-123)  through  (2-126) 
become: 


(2-129) 
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sin  0 


Flftrn  2-2*.  Ahntmllnp  Thin  Pint  Shnnt* 

3E_ 

^  »y 


3Hy  ««8 


3H„ 


(2-130) 

(2-131) 


Incident,  reflected  and  transmitted  waves  will 
be  assumed  as  follows: 


Et>  • 


ify  (z  cose  +  y  sin<?)  (2^132) 


Er  »  rA  e 


Et  =  txe 


-I/Sq  (-It  cot  6  +  Jf  sin  <?)  (2-133) 
-J  (1>3  a  +  y)  (2-134) 


where  h«  and  h-  denote  the  propagation  con' 
stants  along  they-  and  z-axes,  respectively,  li 
ic  men 
Ih  (2-1 

hsEt 


in 

the  anisotropic  medium.  Now,  from  Equations 
(2- 126)  through  (2-134), 


®ty 


Ht«  = 


hlEt 

unt 


(2-135) 


(2-136) 


hf  ^  +  h|  =  «2  tx  mx  Mt  (2-137) 


Application  of  the  boundary  condition  on  the 
tangential  component  of  electric  field  intensity 
yields  Snell’s  law  for  this  situation: 


sin  =  - 


€x  ?  (2-138) 

/-i-5  +  (1 — 5)  sin2  e 
^  ‘0  p», 


and 


1  +  rl  =  *1 


(2-139) 


Finally,  application  of  the  boundary  condition 
on  tangential  H  yields  the  interface  reflection 
coefficient  for  the  uniaxial  anisotropic  case: 


(2-140) 


where 


h3  *  *  Jmx  (■ 


^0  ‘0 


sin2  e 


(2-141) 


Similarly,  for  parallel  polarization  it  is  found 
that 


sin  &t  * 


sin  6 


‘0  1*0  V  ez  / 


1+1*11  *  t 


sin2  6 


II  “  lll 


(2-142) 


(2-143) 


(2-144) 


and 


hs =  w  r*  hr 


^  M0  f  0  s1"2  ^  (2- 


145) 


It  will  be  noted,  from  Equations  (2-138)  and 
(2-142),  that,  unlike  the  isotropic  case,  the  angle 
of  refraction  for  perpendicular  polarization 
differs  from  that  for  parallel  polarization;  also, 
from  Equations  (2-135),  (2-136),  and  (2-138),  that 
the  magnetic  field  intensity  has  a  component 
parallel  with  the  direction  of  propagation  for 
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perpendicular  polarization.  With  parallel  polar¬ 
ization,  the  electric  field  intensity  has  a  com¬ 
ponent  parallel  with  the  direction  of  propagation; 
therefore,  these  two  cases  are  often  called  H- 
mude  and  E-mode  waves,  respectively.  More 
generally,  an  E-mode  is  a  solution  of  Maxwell's 
equations  for  which  one  of  the  H-components 
vanishes,  whereas  one  of  the  E-components 
vanishes  in  an  H-mode  field.  It  is  shown  in 
Reference  35  that  every  homogeneous  aniso¬ 
tropic  substance  can  propagate  E-modee  and 
H- modes. 
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Hamoqonout  Capacitor 


Furthermore,  the  fields  in  such  a  medium  can 
always  be  expressed  as  the  sum  of  an  E-  and  an 
H-mode. 

2-22.  Methods  of  Obtaining  Anisotropy 


c  •  »,sln2  oc  +  «y  cos2tt 


The  effects  of  anisotropy  can  be  obtained  arti¬ 
ficially  by  the  use  of  inhomogeneous  construc¬ 
tion;  for  example,  the  honeycomb  material  often 
used  as  a  core  for  sandwiches  is  slightly  aniso¬ 
tropic.  Honeycomb  material  is  usually  used, 
however,  lor  its  mechanical  strength,  light 
weight,  and  low  dielectric  constant  rather  than 
for  its  anisotropy.  The  effective  dielectric  con¬ 
stants  of  honeycomb  material  along  Us  three 
principal  axes  have  been  derived  in  Reference 
3G.  The  dielectric  constants  were  determined 
by  calculating  the  capacitance  of  a  parallel-plate 
capacitor  filled  with  a  block  of  the  honeycomb 
material.  The  dielectric  constants  are  related 
to  the  capacitances  obtained  for  three  dilferent 
orientations  of  the  honeycomb  material  in  the 
capacitor. 

2-23.  Analysis  of  Inhomogeneous  Dieloctrlcs 

Honeycomb  and  many  other  inhomogeneous 
dielectrics  can  be  analyzed  using  the  equivalent 
dielectric  constants  for  a  capacitor  containing 
two  dielectrics,  as  shown  In  Figures  2-27  and 
2-26.  It  is  also  useful  to  know  the  equivalent 
dielectric  constant  of  a  capacitor  filled  with  a 
homogeneous  anisotropic  material  whose  prin¬ 
cipal  axes  are  not  parallel  with  the  natural  axes 
of  the  capacitor  (Figure  2-29).. 
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Figure  2—29,  Anlaoi.uptc  CcooclN*.  and  Equivalent 
/•ofrap/c  Capacitor 


Thus,  if  the  artificial  dielectric  medium  is 
composed  of  a  three-dimensional  array  of  Iden¬ 
tical  structures  or  "colls",  one  of  these  cells 
can  usually  be  subdivided  Into  a  number  of  ca¬ 
pacitors  of  the  typos  shown  in  Figures  2-27, 
2-28,  and  2-29.  The  three  principal  dielectric 
constants  of  the  medium  are  then  determined 
by  finding  the  total  capacitance  of  the  network  of 
series  and  parallel  capacitors.  It  Is  shown  in 
Reference  36  that  this  simple  method  Is  valid 
In  finding  an  anisotropic  medium  which  is  equi¬ 
valent  to  the  sandwich  formed  of  extremely  thin 
flat  sheets  as  in  Figure  2-26.  At  low  frequen¬ 
cies,  where  the  sandwich  is  equivalent  to  an 
anisotropic  medium,  the  properties  of  the  med¬ 
ium  become  Independent  of  the  direction  at  pro¬ 
pagation  and  depend  only  on  the  orientation  of 
the  electric  field  intensity  vector.  When  Eis 
parallel  to  the  dielectric  surfaces,  the  effective 
dielectric  constant  is,  from  Figure  2-28. 


€j  dj  +  *2  d2 

*-*-“dT7dr“ 


(2-146) 


When  E  is  normal  to  the  dielectric  surfaces, 
the  effective  dielectric  constant  is,  from  Fig¬ 
ure  2-27, 


h  Q,  (dt  +  d2) 

tj  d2  +  £2  dj 


(2-147) 


Flqvro  2-27.  Two~Luyor  Capacitor  and  Equivalent 
Hamagan out  Capacitor 
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The  reflection  coefficients  for  an  infinitely 
thick  stack  of  such  alternating  thin  flat  sheets 


would  be  the  same  as  those  given  In  Equations 
(2-140)  ana  (2-144)  lor  sufficiently  low  fre¬ 
quencies. 

Broadband  sandwiches  have  been  constructed 
of  thin  layers.  a«  «hc*“=  !r.  Figure  2-ZC.  using 
Equations  (2-146)  and  (2-147),  It  is  suggested  In 
Reference  37  that  the  broadband  characteristics 
of  such  sandwiches  result  merely  from  the  low 
value  of  average  dielectric  constant  obtained  by 
using  foam  cores  and  by  using  skins  which  are 
much  thinner  than  ths  coreB. 

The  equivalent  anisotropic  sheet  given  by 
Equations  (2-146)  and  (2-147)  has  the  same 
tldckness  as  the  isotropic  multilayer  sandwich 
which  it  replaces,  and  is  nonmagnetic  If  the 
original  sandwich  is  nonmagnetic.  Ills  shown 
in  Reference  38  that  the  sandwich  can  also  be 
replaced  with  an  equivalent  isotropic  homogen¬ 
eous  sheet.  For  perpendicular  polarization, 
the  alternating  sandwich  Is  equivalent  to  a  non¬ 
magnetic  homogeneous  sheet  of  the  same  thick¬ 
ness  and  appropriate  dielectric  constant.  For 
parallel  polarization,  it  is  equivalent  to  a  homo¬ 
geneous  sheet  with  smaller  thickness  and  with 
permeability  less  than  unity.  The  degree  with 
which  the  equivalent  anisotropic  homogeneous 
medium  resembles  the  actual  artificial  dielec¬ 
tric  depends  on  the  frequency,  the  angle  of  Inci¬ 
dence,  and  the  lattice  spacing.38  if  the  lattice 
spacing  in  the  artificial  dielectric  la  greater 
than  one-half  of  a  tree-space  wavelength,  there 
may  be  some  angles  of  Incidence  for  which  the 
medium  will  act  as  a  grating.  The  grating  effect 
may  produce  strong  reflections,  and  sets  an 
upper  limit  on  the  frequency,  angle  of  Incidence, 
and  spacing  at  which  the  equivalent  homogeneous 
medium  resembles  the  artificial  dielectric. 

It  should  be  pointed  out  that  not  all  artificial 
dielectrics  are  anisotropic.  For  example,  a 
dielectric  loaded  with  metal  or  dielectric 
spheres  will  be  isotropic  If  the  spacing  between 
spheres  la  the  same  along  the  x-,  y-,  and  z- 
axes.  A  dielectric  loaded  with  dipoles  is  also 
isotropic  if  equal  numbers  of  dipoles  are  ori¬ 
ented  along  the  x-,  y-,  and  z-axes.  Artificial 
Isotropic  constructions  have  been  used  to  ob¬ 
tain  low  dielectric  constants  without  sacrifice 
of  strength. 

2-24.  Use  of  Metal  Slats,  Si.-ets,  and  Wire  Grids 

Many  forms  of  dielectric  loading  have  been  in¬ 
vestigated  in  an  effort  to  find  a  radome  material 
having  transmission  properties  superior  to  or¬ 
dinary  dielectric^.  Flat  panels  constructed  of 
parallel  metal  slats  with  no  dielectric  filler 
(similar  to  a  Venetian  blind)  were  found*®  to 
have  excellent  transmission  for  linear  polariza¬ 


tion  If  the  incident  electric  field  Intensity  vector 
made  an  angle  of  at  least  75°  with  the  surface  of 
each  Individual  slat.  Radomes  were  also  con¬ 
structed  in  the  shape  of  a  40°  cone,  consisting 
of  a  thin  outer  dielectric  skin  suDporterf  with 
array  of  parallel  aluminum  ribs.  These 
radomes  showed  some  promise,  but  were  found 
to  produce  excessive  boreslght  errors, 

A  thin  metal  sheet  perforated  with  an  array  of 
dielectric-filled  holes  has  been  considered  for 
radome  construction.*1*4"  Metal  slats,  perfor¬ 
ated  metal  sheets,  and  gridB  of  wires  can  sub¬ 
divide  the  radome  wal)  into  waveguide  channels 
wflch  are  capable  of  supporting  one  or  more 
waveguide  modes,  and  which  may  prevent  the 
ordinary  refracted  wave  from  existing  in  the 
medium,41  Certain  of  the  waveguide  modes 
can  be  matched  to  the  incident  wave  more  ef¬ 
fectively  than  the  ordinary  refracted  wave  over 
a  range  of  angles  of  Incidence,  In  particular, 
conditions  conductive  to  both  zero  reflection  and 
zero  phase  shift  can  be  achieved  simultaneously 
with  the  Hio  mode  of  ordinary  rectangular 
waveguide  at  perpendicular  polarization.  Flat 
panels  utilizing  this  principle  have  been  con¬ 
structed  by  embedding  grids  of  fine  wires  which 
are  parallel  to  the  E  vector  and  to  tha  surfaces 
of  the  dielectric  sheet,  as  shown  In  Figure  2-30. 
With  thlB  construction,  the  normal  phase 
velocity  and  normal  wave  Impedance  can  be 
closely  matched  to  those  of  the  Incident  wave 
over  a  wide  range  of  Incidence  angles,  lor  per- 
pendicular  polarization.41  The  properties  of 
metal-loaded  dielectric  sheetn  have  been  In¬ 
vestigated  with  the  aid  of  the  theory  of  filters, 
transmission  lines,  and  waveguides.41* 42.4®, 


Flfiitt  2- JO,  Dltkchie  Shoot  Loadod  With  Win  C rida  (From  Ha- 
loroneodl  by  fiatnlitba  of  Blotktttn  Raiaetth  Lakontorloalnc.) 
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Wire  tend  loading  has  been  used  to  obtain  a  low 
reflection  coefficient  over  a  broad  band  of  fre¬ 
quencies. *12 

Many  of  these  artificial  rudome  constructions 
are  anisotropic.  For  example,  a  wire  grid  load¬ 
ing  migm  allow  inciuent  waves  of  one  polariza¬ 


tion  in  travel  through  the  dielectric  sheet  as 
though  the  wires  were  not  even  present,  whereas 
they  might  force  other  waves  to  travel  via  ;> 
waveguide  mode 

Anisotropic  rrinstrui'tinnE  a i _ _  ... 

several  references  listed  in  the  bibliography! 


SECTION  G.  THE  RADOMK  SHAPE* 


Both  electrical  and  aerodynamical  considera¬ 
tions  help  govern  the  shape  selected  for  a 
radome.  The  electrical  design  Is  simplified 
and  the  electrical  performance  improved  by  a 
smooth  shape  with  large  radius  of  curvature. 
High  angles  of  incidence  can  be  avoided  by  use 
of  such  a  radome.  On  the  other  hand,  at  very 
low  angles  of  incidence,  trouble  may  be  ex¬ 
perienced  from  reflected  waves  which  travel 
directly  back  into  the  antenna.  The  radome 
shape  that  will  minimize  wind  resistance  de¬ 
pends  strongly  on  the  location  of  the  radome  on 
the  aircraft  or  missile.  A  highly  streamlined 
shape  with  a  fairly  sharp  vertex  is  desirable  for 
nose  radomes.  Missile  radomes  are  often  lig- 
ures  of  revolution.  Shapes  having  simple  math¬ 
ematical  formulas  are  often  used,  with  modifi¬ 
cation  near  thebase  of  the  radome  to  fair  it  into 
the  missile  body.  Formulas  for  a  few  of  these 
tpes  are  given  in  this  section.  Radomes  of 
four  different  shapes  are  shown  in  Figure  2-31 
with  no  fairing. 


JL?itr?aTU,liflF  ls  Pessary,  any  parttculai 
detailed  shape  (cone,  ogive,  etc.)  does  not  ap- 

pear  to  be  superior  to  any  other  with  respe<v 
to  the  electrical  performance.  (Some  shapes 
such  as  the  cone,  are  more  easily  handled  nu¬ 
merically  than  others.)  The  fineness  ratio  anc 
the  vertex  angle  (or  radius  of  curvature  at  the 
vertex)  are  found  to  be  of  more  significance  ir 
determining  the  radome  Ijom  sight  error.  For 
large  fineness  ratios,  the  range  of  incidence 
angles  is  greater,  phase  front  distortion  tends 
to  ue  greater,  and  the  boresight  error  slopes 
tend  to  be  greater. 


In  this  section  the  following  data  will  be  given 
for  the  hemisphere,  cone,  log  spiral,  ogive,  and 
ellipse: 


a.  The  equation  of  the  surface; 

b.  The  angle  of  incidence  of  the  central  ray  of 
the  antenna  versus  look  angle;  and 

c.  The  coordinate,  for  the  point  where  the  cen¬ 
tral  ray  intersects  the  wall,  versus  look  angle. 


All  of  the  coordinates  are  for  the  inside  sur¬ 
face  of  the  radome,  and  the  gimbal  point  Is 
taken  as  the  coordinate  origin.  This  ls  not  nec¬ 
essary  but  is  desirable  in  the  hemisphere  and 
log  spiral  to  take  advantage  of  the  angle  of  in¬ 
cidence  properties. 

If  conical  fatring  ls  used,  the  conical  section 
will  start  at  the  base  of  the  radome  and  con¬ 
tinue  to  the  point  where  its  slope  (tan  .)  is  the 
same  as  that  of  the  curved  section.  From  that 
point  on,  the  radome  shape  ls  that  of  the  basic 
curve.  The  coordinate  for  the  point  at  which  the 
conical  section  fairs  into  the  curved  section  is 
also  given,  and  ls  denoted  zj. 


....  .......an-,,  ,1,  riguee  z-uz,  is  the  radius 

at  the  base  of  the  radome,  and  C  Is  the  distance 
£-001  the  base  of  the  radome  to  the  gimbal  point. 
The  distance  from  the  gimbal  point  to  the 
radome  vertex  will  be  denoted  by  the  letter  a. 


For  any  radome  shape,  the  fineness  ratio  F  is 


(2-148) 


and,  if  conical  lairing  is  used,  the  coordinate 
for  (lie  point  at  which  the  conical  section  inter¬ 
sects  the  basic  curve  is 


rl  r<B  '  (C  +  l»n  •»  (2-149) 


*  Much  of  the  material  in  this  section  is  taken 
from:  Norman  M.W'ederhorn,  and  Alan  F.  Kay 
Radome  Design  Criteria  for  Precision  Guid- 
ance  Radar,"  Final  Report,  Contract  AF  33(030) 
-12283,  McMillan  Laboratory,  Ipswich,  Mass., 
1  oune  1954,  (Confidential),  (AD-49  428). 


2-25.  The  Hemisphere 

All  points  on  the  surface  of  a  hemispherical 
radome  are  equidistant  from  the  origin,  if  the 
antenna  gimbal  point  is  located  al  the  origin,  the 
central  ray  of  the  antenna  wiiistrike  the  radome 
wail  with  normal  incidence  for  all  look  angles, 
This  is  desirable,  since  at  normal  incidence  the 
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Flgurt  2-31.  Radwno*  of  Varkv t  SI mgti,  with  Fin •nti»  Ratio  1,5 


The  equation  which  describes  the  surface  of  a 
hemispherical  radome  of  radius  a  is 

r  =  [a2  -  z2  (2-150) 

The  angle  of  incidence  is  zero  for  all  look 
angles  if  the  gimbal  point  is  at  the  center  of  the 
sphere.  The  coordinate  for  the  point  at  which 
the  central  ray  of  the  antenna  intersects  the 
radome  wall  is  given  as  a  function  of  look  angle 
•i  by 


Figure  2-32.  Radomo  with  Conical  Stellar,  for  Fairing  into 
UltUla  Body 

transmission  coefficients  for  parallel  and  per¬ 
pendicular  polarization  are  equal.  Another  de¬ 
sirable  feature  of  this  shape  is  that  the  range  of 
angles  of  incidence  that  must  be  considered  is 
small.  However,  because  the  angles  of  inci¬ 
dence  are  very  small  or  zero,  any  waves  reflec¬ 
ted  from  the  radome  will  travel  directly  back 
to  the  antenna. 

Because  of  its  symmetry,  the  hemisphere 
should  produce  no  radome  error  except  that  due 
to  tolerances  and  polarization  considerations, 
and  in  fact  hemispheres  generally  have  very  low 
crossover  error  rates.  In  conical  scan  sys¬ 
tems,  when  the  antenna  Is  in  any  two  opposite 
positions,  the  two  surfaces  of  intersection  of  the 
beam  and  the  radome  wall  are  mirror  images; 
therefore,  if  the  wall  is  uniform,  the  only 
radome  error  must  be  due  to  dissymmetry  in 
the  antenna,  in  particular,  polarization  dissym¬ 
metry.  The  principal  disadvantage  of  this  shape 
is  that  it  is  not  streamlined  in  itself.  Hemi¬ 
spherical  radomes,  however,  may  still  be  util¬ 
ized  with  streamlined  missiles  or  airplanes 
without  seriously  impairing  the  aerodynamic 
performance,  provided  the  radome  forms  the 
nose  of  a  body  which  tapers  to  a  diameter  5  or 
10  times  the  radome  diameter. 

G1 


z  =  a  cos  ^ 


(2-151) 


The  coordinate  which  the  fairing  cone  inter¬ 
sects  the  sphere  is 


Zi  r.  u  Sin  a 


(2-152) 


2-26.  The  Spheroid 

A  spheroid  is  the  surface  obtained  by  revolving 
an  ellipse  about  one  of  its  axes,  An  oblate 
spheroid  is  obtained  by  revolving  an  ellipse 
about  its  minor  axis,  A  prolate  spheroid  (re¬ 
sembling  a  football)  is  produced  when  the  major 
axis  is  used  as  an  axis  of  revolution,  Only  the 
prolate  spheroid  will  be  considered  here.  The 
exact  shape  depends  on  the  length  of  the  semi- 
major  axis  (denoted  by  a)  and  the  semi-minor 
axis  (b),  as  shown  in  Figure  2-33.  The  equa¬ 
tion  for  the  spheroidal  surface  is 


(2-153) 


The  angle  of  incidence  on  the  radome  wall  is 
given  by 

t  in  i)  —  ;,2_"  _ 

b2  col  y,  4  a2  tan  v,  (2-154) 


(missile  bulkhead) 


The'  "axial  ratio"  of  an  ellipse  Is  defined  as 
the  ratio  of  the  major  axis  to  the  minor  axis, 
and  Is  denoted  by  A : 


A=f  (2-155) 

Figure  2-34  shows  the  angle  of  incidence  as  a 
function  of  look  angle  for  spheroidal  radomes  of 
various  axial  ratios. 

The  maximum  angle  of  Incidence  Id  given  by 


plane  of  the  arc,  as  depicted  in  Figure  2-35. 
The  surface  of  the  cgive  is  given  by 

r  =  In  r .  z2  +  b  -  R  (2-160) 

where  R  is  the  radius  of  the  parent  circle  and  b 
is  the  base  radius  of  the  ogive  as  in  Figure 
2-35.  The  angle  of  incidence  on  the  ogive  is 
given  by 


R  -  b 

sin  b  - - cos  4> 

R 


(2-161) 


a2  _  y.2 

tan  6  =  - - —  (2-156) 

2ab 

and  it  occurs  when  the  look  angle  is  given  by 

tan  V  =~  (2-157) 

The  coordinate  for  the  point  at  which  the  cen¬ 
tral  ray  of  the  antenna  intersects  the  radome 
wall  is 


2  = 


ab 


\/b2  +  a2 


tan2  ip 


(2-158) 


The  central  ray  of  the  antenna  intersects  the 
radome  at 

z  =  (b  -  r)  sin  4, 

L  (2-162) 

+  /(R  -  b)2  sln2^  +  b  (2  R  -  b)]  cos  V 

The  fairing  cone  and  ogive  intersect  at 

Zj  =  R  sin  a  (2-163) 

The  caliber  c  of  an  ogive  is  defined  as  the 
ratio  of  the  radius  of  the  parent  circle  to  the 
base  diameter  of  the  ogive: 


The  fairing  cone  and  the  spheroid  intersect  at 

_ _ a2  Sin  a 

/a2  sin2  a  +  b2  cos2  a  (2-159) 


2-2*7.  The  Ogive 

The  ogive  is  a  figure  of  revolution  obtained  by 
rotating  an  arc  of  a  circle  about  an  axis  In  the 


c  =  £  (2-164) 

2b 

Figure  2-36  gives  the  angle  of  Incidence  as  a 
function  of  look  angle  for  ogives  of  various 
calibers. 

The  distance  from  the  origin  to  the  radome 
vertex  is 


a  =  ^b  (2r  -  b) 

2-28.  The  Log  Spiral 
The  equation  of  the  log  spiral  la 

-2  tan  /Han*1  (f) 

z2  +  r2  =  a2  e 


(2-1G5) 


(2-166) 


where  a  Is  the  distance  between  the  gimbal  point 
and  the  vertex  of  the  log  spiral  radome,  as  in 
Figure  2-37.  The  expression  for  the  log  spiral 
Is  simpler  In  polar  coordinates: 


-  /■  tan 

p.=  a  e 


(2-167) 


The  central  ray  of  the  antenna,  has  a  constant 
angle  of  incidence  on  the  log  spiral  radome, 
given  by 


&  =  P 


(2-168) 
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B  (degrees) 
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Hie  hemispherical  radome  is  a  special  cade  of 
the  log  spiral,  since,  when  the  angle  of  incidence 
is  set  equal  to  zero,  Equations  (2-166)  and 
(2-167)  become  the  ecwations  of  a  circle  of 
radius  a, 

Log  spirals  are  designated  by  the  value  of  the 
angle#.  A  "50°  log  spiral"  is  a  curve  speci¬ 
fied  by  Equations  (2-166)  or  (2-167)  with  H 
having  the  value  of  50°.  The  r-coordtnate  of 
the  log  spiral  is  a  maximum  when  y.  is  equal  to 
L”-0.  The  corresponding  value  of  z  is 
2 

-  (|  V  -  0)  tan  D  (2-189) 
z  =  a  sin  fte  c 

The  fairing  will  thus  extend  at  least  to  this 
value  of  z.  For  log  spirals  having  a  large  inci¬ 
dence  angle,  the  fairing  will  extend  over  a  large 
portion  of  the  radome  length. 


Flfurm  2-JS.  0 jlv«  Radm mm  ullh  Canted)  Fairing 
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The  central  ray  from  the  antenna  intersects 
the  radome  at 

z  =  a  e'  *  Un  13  cos  V-  (2-170) 

The  conical  fairing  Joins  the  log  spiral  at 

-  (4)  7i  -  «  -  ft)  tan  f) 

Zj  -ae  sin  (a  +  /i)  (2-171) 

In  these  equations  where  the  angles  a  ,ft  ,  and 
4,  appear  in  the  exponent,  they  must  be  ex¬ 
pressed  in  radians  rather  than  degrees. 

2-29.  The  Cone 
The  equation  for  a  cone  is 


\ 


i 


64 


' 


r  =  (a  -  x)  tan  i  6  (2-172) 

u 

where  a  la  the  distance  between  the  gimbal 
point  «uu  uie  vertex  of  the  cone,  aa  shown  in 
Figure  2-38,  and  p  is  the  total  vertex  angle  of 
the  cone.  The  angle  of  incidence  of  the  central 
ray  of  Uie  Lnienna  on  the  cone  is 

e  =  90  ---&  -  4,  degrees  (2-173) 

it 

Figure  2-39  shows  the  angle  of  incidence  ob¬ 
tained  with  various  conical  radomes  as  a  func¬ 
tion  of  look  angle. 


Figuta  2-36.  Conical  Rathrma  with  Oijivt  Fairing 
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It  is  desirable  to  fair  the  radome  into  the  mis* 
sile  body  without  any  abrupt  change  in  slope.  An 
ogive  fairing  section  will  serve  this  purpose  for 
the  conical  radome  11  the  center  oi  curvature  of 
the  ogive  is  located  on  the  line  which  bisects  the 
angle  formed  by  the  extensions  of  the  conical 
radome  and  the  missile  body  (see  Figure  2-38), 
The  coordinates  of  the  center  of  curvature  of  the 
ogive  are 

zQ  =  -  C  -  R  sin  a  (2-174) 

and 

r0  =  RB-R  cos  °  (2-175) 

where  R  is  the  radius  of  curvature  of  the 
ogive.  The  numerical  value  to  be  used  for  R  is 
governed  largely  by  aerodynamical  considera¬ 


tions.  If  R  is  extremely  small,  there  wi"  be  an 
abrupt  change  in  slope  of  the  missile  contour. 
If  R  is  very  large,  the  conical  section  of  the 
radome  wiii  v».  ion  auiti  lira  euuio  radoms  Mr  ill 

have  the  ogive  shape. 

The  cone  and  ogive  intersect  at 

Zj  =  Zq  +  R  sin  -g-  0  (2-176) 

and 

rt  -  r,J  +  R  cos  ij-  /3  (2-177) 

Procedures  for  calculating  the  angle  of  Inci¬ 
dence  for  any  radome  shape  are  given  in  Chap¬ 
ter  3.  Additional  information  on  radome  shapes 
will  be  found  in  Chapter  3  and  In  several  refer¬ 
ences  listed  In  the  bibliography. 


SECTION  H.  THE  FOCUSING  EFFECT  OF  STREAMLINED  RADOMES* 


2-30.  Refraction  by  Plane  Sheets 

A  plane  wave  incident  at  angle  6  on  the  sur¬ 
face  of  a  plane  dielectric  sheet  la  refracted,  and 
travels  at  angle  e  r  within  the  dielectric  med¬ 
ium.  From  Snell's  law  for  nonmagnetic  media, 

sin  eT  *  (2-178) 

\r  r 

Upon  emerging  from  the  far  side  on  the  dielec¬ 
tric  sheet,  each  ray  of  the  plane  wave  Is  again 
refracted  so  that  It  propagates  along  an  axis 
parallel  with  its  original  line  of  travel,  as  In 
Figure  2-40.  Thus,  refraction  shifts  each  ray  a 
distance  b  perpendicular  to  Us  axis  of  propaga¬ 
tion.  For  a  plane  homogeneous  sheet  of  thick¬ 
ness  d, 


b  = — — —  sin  (8  -  e  )  (2-179) 

cos  $  r 

For  a  symmetrical  sandwich  having  skin  and 
core  thicknesses  and  dc,  and  skin  and  core 
relative  dielectric  constants  efl  andcc 


*  The  material  in  this  section  is  taken  from: 
Jack  H,  Richmond,  "The  Focusing  Effect  of 
Radomes,"  Report  655-3,  Contract  AF33(616)- 
3212,  Antenna  Laboratory,  The  Ohio  State  Uni¬ 
versity,  1  June  1956. 


(2-180) 


Equation  (2-180)  can  also  be  expressed  in  the 
same  form  as  Equation  (2-179)  if  d  is  replaced 
with  (ZdB  +  dc)  and  o  T  Is  replaced  with  e'T 
where‘7 


tan 


2d*  dc  \ _ 

\J*s  -  /«<.  -  slj;/  2ds  +d, 


sin  e 


s  r'*c 

(2-181) 


It  will  be  shown  that  refractive  shift  contrib¬ 
utes  to  the  antenna  pattern  distortion  anddirec- 
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lional  errors  Introduced  by  a  r adorn e.  As 
pointed  out  in  Section  E,  refraction  can  be  re¬ 
duced  by  use  of  magnetic  radome  materialo  if 
the  permeability  is  less  than  that  of  free  space, 
and  Is  eliminated  entirely  lf,,rtr  =  l.  How¬ 
ever,  to  obtain  high  transmission  over  a  range 
of  angles  of  Incidence,  the  dielectric  constant 
of  such  a  nonrefracting  material  must  be  low 
(less  than  1.6  for  BO  percent  power  transmis¬ 
sion),  and  the  magnetic  and  dielectric  loss 
tangents  of  the  material  must  be  low.  These 
properties  are  not  easily  combined  with  me¬ 
chanical  strength. 

For  nonmagnetic  materials,  it  is  apparent 
from  Equations  (2-178)  and  (2-179)  that  the  re¬ 
fractive  shift  cannot  exceed 

bmax  =d8ln  (2-182) 

(this  maximum  is  approached  if  >r  is  very 
large),  and  that  it  is  minimized  by  use  of  a  thin 
sheet  of  low  dielectric  constant;  thus,  the  elec¬ 
trically  thin  sheet  (Section  A)  has  the  most  de¬ 
sirable  refractive  properties. 

No  refractive  shift  occurs  at  normal  incidence. 
To  minimize  refraction  a  radome  shape 
approaching  that  of  a  hemisphere  with  large 
radius  is  desirable. 

From  Equations  (2-179)  and  (2-58),  for  the 
half-wave  homogeneous  sheet  of  order  n,  the 
refractive  shift,  (at  the  design  angle  of  Incidence 
»0),  measured  in  wavelengths,  Is 

b  n  sin  (tfo  - 

TQ  =  2  (2-183) 


dielectric  constant  of  the  sheet.  It  is  seen  that 
the  refractive  shift  is  maximum  when  the  di¬ 
electric  constant  is  1.35,  and  that  It  can  be  made 
as  small  as  desired  by  using  a  sufficiently  small 
or  sufficiently  large  dielectric  constant.  Fig- 
u re  2-42  «hr»w«  tho  T!“ xirp-'-im  rcfriirtivc 
which  can  be  produced  by  a  first-order,  half¬ 
wave  sheet  as  a  function  of  the  angle  of  inci¬ 
dence.  Grazing  incidence,  of  course,  must  be 
avoided  if  the  refractive  shift  is  to  be  kept 
small.  Figure  2-43  shows  the  dielectric  con¬ 
stant  that  produces  maximum  refractive  shift 
In  a  half-wave  sheet  at  various  angles  of  inci¬ 
dence.  To  avoid  refraction  effects,  it  is  de¬ 
sirable  to  use  a  dielectric  constant  much  larger 
or  much  smaller  than  the  value  given  in  Figure 
2-44  for  the  design  angle  of  incidence. 

2-31.  Focusing  Effect  of  Radomes 

Refraction  can  produce  a  focusing  effect  which 
causes  the  effective  aperture  area  of  an  antenna 


*r 


Consequently,  the  refractive  shift  is  propor¬ 
tional  to  the  order  of  the  half-wave  sheet,  so 
that  the  lowest  usable  order  is  desirable.  It 
can  be  shown,  from  Equation  (2-183),  that  the 
refractive  shift  In  a  half-wave  sheet  vanishes 
as  the  relative  dielectric  constant  approaches 
unity  or  Infinity.  For  arbitrary  fixed  values  of 
n,*  q,  and  *>q,  the  refractive  shift  at  the  design 
angle  in  a  half-wave  sheet  has  maximum  value 


bniax  n  ,an  <JQ 
*0  8 


(2-184) 


and  it  reaches  this  maximum  value  when  the 
dielectric  constant  is 


<j.  =  1  t  3  cos^  Sq  (2-185) 

Figure  2-41  shows  the  refractive  shift  pro¬ 
duced  by  a  first-order,  half-wave  sheet  for  an 
angle  of  incidence  of  70°  as  a  function  of  the 


Figvro  2-41.  Raftoctivo  Shift  Produced  by  Flrtt-Ordar,  Homo- 
ganaoui,  Half-Wav*  Shoot  for  an  Angla  of  Incldonco  of  70° 


Figitt a  2—42,  Matlmum  Rafractlv*  Shift  Which  Com  0«  Prod  at  ad 
hy  Phtt-Ordor,  Homogonoout,  Half-Wavo  Shaat 
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0(degr«es) 


Flfura  2 —43,  Otalactrlc  Cwiitant  which  Ptoducat  Maximum  fit- 
fraction  Shift  In  N«nog«l*w/l,  Hall-Wav  Shunt 


FI  turn  2-44,  RaftaellM  In  a  Conical  Kadomn 


the  radome  is  introduced,  especially  if  the 
radomo  reflects  very  little  power  back  toward 
the  antenna.  Tr  keep  the  total  radiated  power 
unchanced  when  the  radome  is  Introduced,  the 
power  density  in  the  aperture  must  decrease 
when  the  rudomo  is  put  in  position,  since  the 
aperture  area  increases.  For  example,  if  the 
aperture  illumination  iB  uniform  in  the  absence 
of  the  radome,  the  power  density  (watts/area) 
with  radome  is  given  in  terms  of  the  power 
density  *>  without  the  radome  by 

(r  -  b)  F  1 

V'  _  — - - f  for  b  <  r  <  2  t»  +  b  (2-187) 


Equation  (2-187)  is  an  optical  approximation 
obtained  by  considering  the  power  passing 
through  each  small  unit  of  aperture  area  with 
and  without  radome.  In  Equation  (2-187),  r  is 
the  radial  distance  from  the  radome  vertex  to 
any  point  on  the  aperture  plane.  The  field  dis¬ 
tribution  obtained  from  Equation  (2-187)  is 
shown  in  Figure  2-4S. 


The  relative  far-field  pattern  of  a  uniformly 
illuminated  aperture  of  diameter  D  ls^ 

J  t  (i  ft  D  sin  <p) 

EM  =--- -  (2-188) 


to  be  greater  with  radome  than  it  is  without  the 
radome.  For  example,  consider  a  parabolo¬ 
idal  antenna  transmitting  through  a  conical 
radome,  aB  in  figure  2-44,  with  the  antenna  axis 
coinciding  with  the  radome  axis.  Suppose  the 
antenna  transmits  a  well-collimated  beam  of 
diameter  D  without  radome.  With  the  radome  in 
place,  refraction  will  Increase  the  beam  diame¬ 
ter  to  D  +  2b,  and  will  introduce  a  shadow  zone 
of  radius  b  at  the  radome  vertex.  The  ratio  of 
the  aperture  area  A'  with  radome  to  the  aper¬ 
ture  area  without  radome  is 


A 

A 


(2-186) 


Here  we  are  considering  the  antenna  aperture 
to  be  a  section  of  an  Imaginary  plane  which 
passes  through  the  radome  vertex  and  is  per¬ 
pendicular  to  the  radome  axis. 


It  seems  reasonable  to  assume  that  the  total 
transmitted  power  with  radome  will  be  the 
same  as  without  radome,  If  we  consider  only 
the  refraction  caused  by  the  radome  and  Ignore 
for  the  moment  other  effects  such  as  reflection, 
absorption,  and  depolarization.  Usually  the 
klystron  or  magnetron  is  isolated  from  the  an¬ 
tenna  sufficiently  to  prevent  appreciable 
changes  In  its  frequency  or  power  output  when 


Where  <fi  is  the  far -field  angle  measured  from 
the  antenna  axis,  and  J.  is  the  first-order 
Bessel  function.  If  the  antenna  diameter  D  is 
much  larger  than  the  refractive  shift  b,  the 
effects  of  the  vertex  shadow  zone  and  the  in¬ 
tensity  taper,  Equation  (2-187),  will  be  small, 
and  the  major  effect  will  be  the  increase  in 


Fi pH*  2  —45.  C«Jc«feteW  N—e~Fl*M  Aaplffufr  wlffc  Unlfetm 
C  9  IllmmfJ  B  Pcaifftf  Thmifh  C—kmt 
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aperture  diameter  from  D  to  D  t  2b.  The  an¬ 
tenna  pattern  with  radome  Is  then  approximately 

J  2"  P  (D  +  2b)  sin  4>"| 

— » - *-  (2-189) 

sin  <j> 

Since  the  beam  width  between  half-power 
points  for  a  large,  uniformly  illuminated,  cir¬ 
cular  aperture  of  diameter  D  is^ 

58x0 

B.  W.  »;  — q—  degrees  (2-190) 


the  decrease  in  beam  width  produced  by  focus¬ 
ing  effect  is 

2b 

A  B.  W.  \  58in - degrees  (2-191) 

u  D  (D  +  2b) 

If  the  vertex  shadow  atone  and  the  intensity 
taper  are  considered,  the  decrease  in  beam 
width  will  be  somewhat  greater  than  that  given 
by  Equation  (2-191) 

The  f  ar-f  leld  radiation  intensity  on  the  antenna 
axis  is  thus  increased  by  the  focusing  .effect  if 
the  total  radiated  power  Is  unchanged  by  the 
radome  and  if  only  the  refraction  is  considered. 
When  the  antenna  Is  used  as  a  receiver,  the 
focusing  effect  will  also  Increase  the  power  de¬ 
livered  to  Its  terminals  (when  the  distant  source 
is  on  axis)  by  increasing  the  effective  aperture 
area. 

The  focusing  effect  also  occurs  in  rounded 
radomeB  such  as  the  hemisphere,  although  in 
this  case  no  well-defined  shadow  zone  is  pro¬ 
duced. 

If  the  antenna  axis  does  not  coincide  with  the 
radome  axis,  the  vertex  shadow  zone  will  no 
longer  be  located  at  the  center  of  the  aperture, 
and  the  refractive  shift  will  differ  for  rays 
passing  through  the  radome  at  different  pulnts. 
This  is  true  because  the  refractive  shift  is  a 
function  of  the  angle  of  incidence. 

The  importance  of  the  vertex  shadow  zone  pro¬ 
duced  by  refraction  is  roughly  proportional  to 
the  ratio  of  the  aperture  area  that  is  lost  in  the 
shadow  zone  to  the  total  aperture  area;  thus, 
the  pattern  distortion  and  radome  error  asso¬ 
ciated  with  the  shadow  zone  may  be  expected  to 
be  leas  serious  when  using  a  large  antenna  than 
when  using  a  small  antenna.'  ® 

The  focusing  effect  has  also  been  observed 
with  wedge-shaped  radomes  constructed  of  two 


flat  sheets  that  come  together  to  form  a 
sharp  edge.  The  shadow  zone  In  this  case 
produces  much  more  pattern  distortion  than  in 
the  case  of  the  conical  radome.  This  is  true 
because  the  shadow  zone  in  the  case  of  the 
wedge  is  a  long  rectangular  strip  of  width  2b, 
whereas  in  the  case  of  the  conical  radome  It  is 
a  circle  of  diameter  2b.  The  percentage  of  an¬ 
tenna  aperture  area  which  is  obscured  by  the 
shr.dow  zone  Is  much  greater  for  the  wedge  than 
for  the  conical  radome.  A  decreased  beam 
width  has  been  observed  with  wedge  radomes  as 
well  as  with  radomes  which  are  figures  of  revo¬ 
lution. 

The  boreslght  error  produced  by  the  shadow 
zone  at  the  vertex  of  a  sltarp-nosed  radome  is 
studied  in  Reference  46.  From  a  simplified  and 
approximate  analysis,  it  was  estimated  that  in 
practical  radomes  "refraction  displacement  can 
be  generally  ignored." 

To  verify  the  existence  of  the  vertex  shadow 
zone,  the  fields  have  been  measured  near  the 
radome  shown  in  Figure  2-46  with  the  horn 
transmitting.  The  radome  consisted  of  two  flat 
sheets  forming  a  30°  wedge,  as  shown.  Ampli¬ 
tude  and  phase  measurements  were  made  along 
the  y-axis  which  passes  through  the  radome 
vertex  perpendicular  to  the  radome  axis.  The 
antenna  axis  coincided  with  the  radome  axis. 
The  measurements  with  and  without  radome  are 
shown  in  Figures  2-47  and  2-48.  (The  far-field 
diffraction  associated  with  refraction  in  this 
radome  is  Indicated  by  comparing  Figures  2-53 
and  2-55.)  Figure  2-47  showsthe  vertex  Bhadow 
zone  quite  strikingly.  The  measurements  also 
show  the  effects  of  the  rather  low  transmission 
coefficient  of  the  plane  sheets  which  comprised 
the  radome,  as  well  as  the  interference  between 
the  direct  transmitted  rays  and  rays  reflected 
from  the  plane  sheets.  In  Figure  2-48  it  is 
noted  that  the  phase  is  strongly  retarded  in  the 
vertex  shadow  zone.  Measurements  on  several 
sharp-nosed  missile  radomes  have  shown  the 
same  general  appearance  as  that  in  Figures 
2-47  and  2-48, 


Fjpui*  2-46.  Horn  Anton  no  With  Wmdf-SHapmJ  RoJomo 
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F/gux  2-47.  MtOlU fte)  Noar-Flold  H-F/on*  Amplitude 
of  Hotn  Awtanna  w/f.S  am/  without 
Wodgo-Shopod  Hod *m 


Additional  discussion o( the  focusing  effect  and 
refraction  will  be  found  in  several  references 
listed  in  the  bibliography. 


Figure  2-48.  Manured  Naar-F/aU  H-P/ona  Pinna  a/  Horn 
Anfanna  with  and  without  Wodgo-Shopod  Radoma 


SECTION  1.  DIFFRACTION  BY  RADOMES 


The  effects  of  a  radomeon  an  electromagnetic 
wave  include  refraction,  reflection,  attenuation, 
and  change  of  phase.  The  far-field  pattern  of  an 
antenna  Is  altered  by  the  presence  of  a  radome. 
The  distortion  may  Include  beam  shift,  change 
lit  beam  width,  and  change  in  total  radiated 
power.  The  radome  phenomena  whlcu  contribute 
to  the  pattern  distortion  Include  focusing  effect 
(see  Section  H),  Lloyd's  mhror  effect,  wave 
trapping,  depolarization,  and  radome -antenna 
Interaction.  The  total  effect  Is  denoted  by  the 
word  "diffraction."  It  has  been  shown48  that 
the  total  field  distortion  produced  by  a  radome 
is  the  algebraic  sum  of  the  perturbations  contri¬ 
buted  by  all  the  dlsturtion-produclng phenomena 
acting  separately,  provided  the  individual  per¬ 
turbations  are  sufficiently  small;  thus,  In  deal¬ 
ing  with  a  well-designed  radome,  its  various 
effects  can  be  evaluated  separately,  before  add¬ 
ing  them  up  to  determine  the  net  result.  When 
the  individual  effects  are  relatively  large,  how¬ 
ever,  the  total  distortion  may  include  Interac¬ 
tion  effects  among  the  various  primary  sources 
of  distortion. 

Several  approaches  to  the  analysis  of  diffrac¬ 
tion  by  obstacles  are  described  In  Chapter  10 
and  In  References  47  and  4fl.  A  method  for  cal¬ 


culating  diffraction  by  radomes  is  given  in 
Chapter  13. 

A  useful  device  for  measuring  radome  diffrac¬ 
tion  is  a  wave-front  plotter  such  as  one  used  at 
Cambridge  Air  Force  Research  Center  .  A  num¬ 
ber  of  phase  contour  maps  obtained  with  this 
Instrument  are  included  in  Reference  49  to 
demonstrate  vividly  the  Lloyd's  mirror  elfoct. 

Similar  phase  contour  maps  can  also  be  ob¬ 
tained  by  use  of  a  water  rlpplo  analogue. ®°»ul 
The  antenna  is  simulated  by  a  directive  source 
of  water  ripples.  The  radome  is  simulated  by 
an  obstacle  of  the  same  shape  as  the  radome 
cross  section,  oubmerged  a  distance  under  the 
water  depending  on  the  dielectric  constant  to  be 
simulated.  Photographs  are  then  taken  by 
allowing  the  ripples  to  focus  light  on  a  sheet  of 
film,  Diffraction  of  the  water  ripples  is  found 
to  resemble  closely  the  electromagnetic  diffrac¬ 
tion.  ThiB  technique  has  been  used  to  Investi¬ 
gate  conventional  missile  radomes*’2  as  well  js 
streamlined  versions  of  the  Luneberg  lens. 

It  is  especially  convenient  in  obtaining  Informa¬ 
tion  on  the  effects  of  changes  in  such  parameters 
as  frequency,  dielectric  constant,  and  antenna - 
radome  spacing. 
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2-32.  Exact  Formulations 

The  exact  solution  has  been  obtained  for  the 
fields  of  an  infinitooi  fT!2]  Cm  iti  uui'iiry 

location  and  orientation  inside  a  spherical 
radome. 54, 55  This  problem  was  solved  by 
applying  the  boundary  conditions  at  the  inner 
and  outer  surfaces  of  the  radome.  The  solu¬ 
tion  ts  expressed  as  an  Infinite  series  involi 
iiig  spherical  Bessel  functions  and  associate.. 
Legendre  functions.  The  tables  of  these  func¬ 
tions  are  being  extended  to  permit  numerical 
calculations  fora  number  of  spherical  radomes, 


rad  erne 


Figuro  2-49.  Roforonco  Surfaces  S  and  S'  Which  Might  be 
Usod  In  Radome  Calculation t 


The  fields  set  up  by  a  plane  wave  incident 
normally  on  an  infinitely  long,  hollow,  dielec¬ 
tric  cylinder  of  circular  cross  section  and  uni¬ 
form  wall  thickness  are  solved  rigorously  as 
a  boundary  value  problem  In  Reference  56.  The 
number  of  rauome  shapes  which  can  be  ana¬ 
lyzed  by  the  boundary- value  method  is,  however, 
severely  limited. 

The  fields  of  an  antenna  with  radome  can  be 
expressed  in  terms  of  their  values  on  some 
reference  surface  S  which  lies  outside  the 
radome,  Let  E  and  H  be  the  electric  and  mag¬ 
netic  field  Intensities  of  the  antenna  trans¬ 
mitting  through  the  radome.  Choose  a  surface 
S  which  completely  separates  the  space  contain¬ 
ing  the  antenna  and  radome  from  the  space 
where  it  is  desired  to  compute  the  fields.  (See 
Figure  2-49,  for  example.)  If  the  region  on 
the  source-free  side  of  S  is  free  space,  the 
Held  at  any  point  P  In  this  region  is  given 


E(P)  =  — - V  x  v  *  A  [2- 192) 

'•0  "’'0  ^0 


_  _I_r _ o  ,  V  *  A 

a,f0  ''O 


(2-195) 


(2-196) 


Additional  simplification  can  be  accomplished 
as  follows,  if  it  is  required  to  calculate  only  the 
far  fields  of  the  antenna  with  radome. 

Let  S  be  the  xy-plane,  and  let  spherical  coor¬ 
dinates  rQ,t',  and  <p specify  the  location  of  point 
P,  as  in  Figure  2-50.  The  distant  radiation  field 
Will  have  o-  and  <p -polarized  components  given, 
from  Equations  (2-194)  and  (2-195),  by79 

.  .  -‘Vo 

J  4i  e  f 

Ea  « — - -  I  (Ex  cos^  +  Ey  sin*) 

2”r0  i 


j  /}.  (x  cos  i>  +  y  sin  <fi)  sin  6 


(2-197) 
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(2-193) 


(2-194) 


Here  n  Is  a  unit  normal  which  points  toward 
the  source-free  region,  and  r  is  the  distance 
from  the  element  of  area  ds  to  the  point  P.  The 
differentiation  Indicated  in  Equation  (2-192)  is 
with  respect  to  the  coordinates  of  point  P. 

The  problem  is  simplified  if  S  is  chosen  to  be 
an  infinite  plane,  in  which  case 


-J  ^0  rn 

j  >3  e  u  0  cos  o 


(-Exsin0  +  Eycos0) 


(2-198) 


j  /}  (x  cos  <t>  +  y  sin  <t>)  sin  6 
e  0  dx  dy 


where  E„  and  Ey  are  the  x-  and  y-polarized 
components  of  the  tield  on  S. 

In  using  Equations  (2-197)  and  (2-198),  it  is 
necessary  first  to  determine  the  fields  Ex  and 
Ey  existing  on  S  when  the  antenna  is  transmit¬ 
ting  through  the  radome.  Approximate  methods 
such  as  ray-t racing  and  plane-wave,  plane-sheet 
theory  are  often  employed  for  this  purpose. 
These  may  give  satisfactory  calculations  if  the 
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Fifun  2—50.  Coo  rdlnala  Syitom  for  Rad  am*  Calculation* 


antenna  has  a  well  collimated  beam  and  if  the 
.•ndome  has  no  regions  of  high  curvature.  The 
tasi:  of  describing  transmission  through  the 
radome  of  the  complicated  Fresnel- zone  fields 
can  be  traded  for  the  simpler  problem  of  ana¬ 
lyzing  the  transmission  of  a  plane  wave  through 
the  radome.®1!  62  Let  S'  be  any  surface  which 
completely  encloses  the  antenna  and  passes  be¬ 
tween  the  antenna  and  the  radome,  as  in  Figure 
2-49,  for  example.  Let  Ej  and  Hi  represent  the 
fields  existing  on  S'  when  the  antenna  is  trans¬ 
mitting  without  radome.  These  fields  can  be 
obtained  by  measurements  even  if  the  radome 
has  not  yet  been  constructed.  Now  consider  the 
antenna  as  a  receiving  antenna,  cover  it  with 
the  radome,  and  let  E2  and  H2  be  the  fields 
existing  on  S’  when  a  plane  wave  is  incident 
from  a  distant  source.  To  determine  F  ni 
3ii  it  is  necessary  to  analyze  the  transmission 
of  the  plane  wave  through  the  radome,  includ¬ 
ing  any  reflections  from  the  antenna.  (If  the 
radome  is  available,  these  fields  might  be  ob¬ 
tained  by  direct  measurements,  of  course.)  If 
the  antenna  terminals  are  located  In  a  waveguide 
or  transmission  line  which  supports  only  a 
single  mode,  Impedances  Zg  (looking  toward  the 
generator)  and  Zl  (looking  toward  the  load)  can 
be  defined.  Let  I  denote  the  current  flowing 
through  the  terminals  when  the  antenna  is  trans¬ 
mitting  without  radome.  Then  the  voltage  V  in¬ 
duced  at  the  antenna  terminals  by  the  Incident 
plane  wave  is  61,  62 


(VZ!>I 


'El  -62*8-  Kf) ds 

(2-199) 


The  unit  vector  q  is  normal  to  surface  S'.  The 
far-fleld  pattern  of  the  antenna  with  radome  can 
be  obtained  by  calculating  the  voltage  V  with 
Equation  (2-199)  for  plane  waves  incident  tror 
several  different  directions.  This  formulation 
ol  the  radome  analysis  problem  has  been  tested 
successfully  on  simplified  "radomes"  consist¬ 
ing  of  finite  plane  sheets..  It  was  found  that  re- 
Ilections  from  the  antenna  can  oftenbe  neglected 
in  determining  E2  and  H2  without  excessive  loss 
of  accuracy. 

The  radome  analysis  problem  can  be  set  up  in 
another  form  by  defining  the  following  fields: 

a.  Ei,  Hj  1b  thefield  existing  when  the  antenna 
is  transmitting  without  radome, 

b.  E,  H  is  the  field  existing  when  the  antenna  is 
transmitting  with  radome,  and 

c.  Es,  He  is  the  "scattered  field"  at  the 
radome,  such  that 

E  =  Ej  +  Es  (2-200) 

The  field  equations  for  the  scattered  field  are 
obtained  by  writing  Maxwell’s  curl  equations  for 
the  total  and  incident  fields  and  subtracting, 
yielding:  68 

V  x  Es  =  -  ja^0  Hs  (2-201) 

and 

V  X  Hs  =  jw  (0  ls  +  jw(f  -  f0)  E  (2-202) 
Equation  (2-202)  can  be  written 

V  X  Hs  =  Js  +  ju,£0  Eg  (2-203) 

Jg  -  Joj  (c  -  £  q)  E  (2-204) 

|  jcj(ci  -  £q)  E  in  region  v  (2-205) 


(  0  outside  v  (2-206) 

where  e 1  is  the  dielectric  constant  of  the 
radome  material,  and  v  is  the  region  of  space 
occupied  by  the  radome.  Thus,  the  scattered 
field  can  be  thought  of  as  the  field  generated 
by  current  J8  flowing  in  free  space.  This  cur¬ 
rent  Is  the  sole  Gource  of  scattered  radiation. 
The  scattered  field  at  any  point  P  outside 
region  v  is  given  by 

Ss4o?  (2-207) 
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V  x  V  *  As 


-J  r 


(2-208) 


(2- 


where  r  is  the  distance  between  the  element  of 
volume  dv  and  point  P.  The  differentiation  in¬ 
dicated  in  Equations  (2-207)  and  (2-208)  is  with 
respect  to  the  coordinates  of  point  P. 

When  magnetic  radome  materials  are  used,  a 
magnetic  polarization  current  also  contribu¬ 
tes  to  the  scattered  field,  wherea7 


Kg  =  j  "  (m  m  VQ)  8 


(2-210) 


If  the  electric  or  magnetic  loss  tangent  of  the 
radome  material  Is  not  zero,  the  polarization 
currents  are  modified  by  letting  ej  or  pj  be¬ 
come  complex,  as  mentioned  In  Sections  A  and 
E  of  this  Chapter. 

If  it  is  required  to  find  the  scattered  field  only 
at  points  a  great  distance  from  the  radome, 
simplified  expressions  can  be  obtained  from 
Equations  (2-208)  and  (2-209).  Let  Jy,  and 
Jz  be  the  rectangular  components  ol  the  polari¬ 
zation  current  Ja.  Then  the  distant  scattered 
field  has  6-  and  ^-polarized  components  given 
by79 

-i  %  ro 

Jw"o e  f 

_ _ _ _ _ _  l 

S°~  r0  J  (2-211) 


(- J-cos#  cos4  -J„cos 0  sin0  +  Jzsin0) 


j/j.  (x  sin  6  cos <t>  +  y  sin  0  sin<£  +’z  cos  6) 


dxdy  dz 


where  tq,  o  ,  and  are  the  spherical  coordi¬ 
nates  oi  point  P  at  which  the  scattered  field  is 
being  observed. 

Once  the  scattered  field  Es  has  been  computed, 
it  must  be  added  to  the  incident  field  Ei  to  de¬ 
termine  the  pattern  of  the  antenna  with  radome; 
see  Equation  (2-200).  Generally  the  iar-fieid 
amplitude  pattern  of  the  antenna  without  radome 
Is  available,  but  in  I’Bing  the  polarization- cur¬ 
rent  method  it  is  also  necessary  to  know  the 
far-field  phase  paitern,  since  phasor  addition  is 
implied  in  Equation  (2-200). 

The  chief  difficulty  encountered  in  using  the 
polarization-current  method  is  that  the  field  E 
in  the  dielectric  radome  material  is  unknown. 
If  the  antenna  has  a  well- colli  mated  beam  and 
tf  the  radome  has  no  regions  of  high  curvature, 
plane-wave,  plane-sheet  theory  might  be  used 
to  approximate  E  with  sufficient  accuracy. 
Again,  however,  the  information  contained  in 
the  Lorentz  reciprocity  theorem  can  be  em¬ 
ployed  to  trade  this  problem  for  the  simpler 
one  at  determining  the  fields  Induced  In  the 
radome  material  by  a  plane  wave  incident  on 
its  outer  surface.  The  data  required  to  com¬ 
pute  the  voltage  VL  induced  al  the  antenna  ter¬ 
minals  by  the  polarization  currents  in  the 
radome  are:7® 

a.  The  total  electric  field  intensity  E*  induced 
in  the  radome  by  an  incident  plane  wave,  in¬ 
cluding  any  reflections  from  the  antenna;  and 

b.  The  electric  field  intensity  Ej  existing  when 
.  the  antenna  is  transmitting  without  radome. 

As  before,  the  polarization  current  J8  given  by 
Equation  (2-204)  (with  E  replaced  by  E')  is  the 
source  of  the  scattered  Yield.  Again,  Tet  Zg  be 
the  impedance  at  the  antenna  terminals  looking 
toward  the  generator,  Zj  the  impedance  at  the 
terminals  looking  toward  the  lbad,  and  I  the 
current  flowing  through  the  terminals  when  the 
antenna  is  transmitting  without  radome.  The 
voltage  induced  at  the  terminals  by  radome 
scattering  is79  v 


}u  e 
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(Jx  sin  <t>  -  Jy  cos  <t>) 


(2-212) 


jA»  (x  sin  0  cos  £  +  y  sin®  slnd>  +zcos  6) 
e  dxdydz 


— - f  Si  • 

+  zi>  i  K 


Js  dv  (2-213) 


The  integrationis  carried  out  through  the  vol¬ 
ume  v  occupied  by  the  radome. 

If  Vj  denotes  the  voltage  induced  at  the  antenna 
terminals  by  the  plane  wave  without  radome, 
the  total  voltage  Vt  induced  by  the  plane  wave 
with  radome  is 
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Vt-V1+Vs  (2-214) 

The  lar-field  pattern  of  the  antenna  with 
radoroe  is  determined  by  computing  Vt  for  plane 
waves  incident  from  several  different  directions. 
Vi  is  the  fnr-field  pattern  of  the  antenna  with¬ 
out  radome,  and  is  often  available  from  meas¬ 
urements.  Since  Vj  and  Vs  are  complex  quan¬ 
tities,  phasor  addition  is  implied  in  Equation 
(2-214). 

2-33.  Dlffractlonby  Dielectric  Bodies  of  Simple 
Shape  ""  . . 

To  explain  the  phenomena  of  transmission 
through  radomes,  studies,  in  addition  to  those 
already  mentioned,  have  been  made  aC  several 
idealized  dielectric  bodies.  The  boresight  error 
produced  by  large  flat  sheets  is  studied  In  Ref¬ 
erence  63.  Antenna  pattern  distortion  by  large 
flat  sheets  is  considered  In  References  61  and 
62,  with  the  following  result. 

Consider  an  antenna  with  a  plane  dielectric 
sheet  (as  in  Figure  2-51).  If  interaction  between 
the  sheet  and  the  antenna  is  negligible,  it  can  be 
shown,  from  Equation  (2-206)  that  the  far-field 
pattern  E'  U)  with  dielectric  sheet  Is  related 
to  the  pattern  E(^)  without  dielectric  sheet  by 

E'  (0)  =  T(«)  E(<6)  (2-215) 

where  T(0)  Is  the  plane-wave  plane-sheet 
transmission  coefficient  for  angle  of  Incidence 
<t  and  for  the  polarization  appropriate  to  the 
particular  antenna  considered.  No  assumption 
was  made  regarding  the  distance  between  the 
antenna  and  the  dielectric  sheet;  thus,  Equation 
(2-215)  is  applicable  to  the  measurement  of 
plane-wave,  plane-sheet  transmission  coeffi¬ 
cients  tn  systems  where  the  sheet  is  in  the 
Fresnel  zone  of  one  antenna  but  in  the  far  zone 
of  the  other  antenna. 

Plane-wave  diffraction  by  a  thin,  plane,  semi¬ 
infinite  dielectric  sheet  is  derived  in  Reference 
64.  The  far-field  distortion  produced  by  a  finite 
plane  dielectric  sheet  placed  near  the  aperture 
of  an  antenna  is  considered  in  References  61 
and  62.  Diffraction  of  surface  waves  by  a  semi¬ 
infinite  dielectric  sheet  is  investigated  in  Ref¬ 
erence  65.  The  boresight  error  produced  by  a 
solid  dielectric  wedge  is  considered  in  Refer¬ 
ences  50  and  66. 

The  beam  shift  was  calculated  by  determining 
the  approximate  insertion  phase  variation  along 
the  wedge  from  plane-wave,  plane-sheet  theory. 
The  thin,  solid  wedge  is  also  Investigated  in 
Reference  63.  An  approximate  expression  for 
the  beam  tilt  produced  by  a  wedge  is  obtained  by 
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Flgun  2-51.  Antmnna  With  Latga,  Flat,  Dlalactrlc  'hut 


considering  the  multiple  reflections  within  the 
wedge.  It  is  found  that  the  beam  shift  produced 
by  the  wedge  is  a  function  of  the  thickness  of 
the  wedge  at  the  point  where  the  beam  enters  it. 
It  is  also  dependent  on  the  plane  of  polarization 
of  the  incident  wave. 

The  hollow  dielectric  wedge  formed  of  two 
plane  sheets  has  been  studied  in  a  number  of 
reports. 69  The  boresight  error  of  the  wedge- 
shaped  radome  is  considered  in  Reference  66 
and  67.  The  beam- shift  calculations  are  based 
on  the  calculated  insertion  phase  shift  produced 
by  the  sheets.  Generally  the  angles  of  inci¬ 
dence  for  the  two  sheets  are  different,  and  as  a 
result  phase  front  distortion  is  produced  by  the 
difference  in  insertion  phase  shift  for  the  two 
sheets. 

In  References  45  and  68,  the  field  distortion 
produced  by  wedge-shaped  radomes  is  shown  by 
phase  and  amplitude  measurements.  It  is  shown 
that  tn  the  Fresnel  region  the  field  distortion 
can  be  reproduced  by  a  pair  of  equivalent 
Huygen’s  sources  located  near  the  vertex  of  the 
wedge. 

In  reference  69  the  field  distortion  by  the 
wedge-shaped  radome  of  Figure  2-52  is  inves¬ 
tigated.  The  measured  far-field  patterns  with 
and  without  radome  are  shown  in  Figure  2-53. 
At  a  slightly  lower  frequency  where  the  trans¬ 
mission  coefficient  is  maximum,  the  measured 
pattern  was  almost  the  same  as  in  Figure  2-53, 
indicating  that  the  pattern  distortion  is  notasso- 
ciated  with  reflection  in  this  case.  Figure  2-53 
also  shows  the  calculated  pattern  obtained  by 
integration  of  the  measured  near-fields  shown 
in  Figures  2-47  and  2-46.  Attempts  were  also 
made  to  calculate  the  far-fleld  pattern  without 
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Flguro  2-52.  Antenna  With  Wodgo-Shapod  Radaati  (From  Roior- 
onto  49  by  pormtoolm  o I  Ohio  Stoto  Unlrorolty) 


Figaro  2-53.  Moot urod  and  Calculator!  H-Plane  Pattarol  at  An- 
tanna  With  Wedge-Shaped  R  adorn  a  (By  permlnlon  a I 
Ohio  State  Unlrorolty) 


Flguto  2-54.  Parallol-Ror  thodol  ol  Traneraltelea  Through  a 
Rod  onto  (From  Reference  49  by  pormioolon  of 
Ohio  Stole  UnlYorolty) 


the  aid  of  these  measured  near  fields.  The 
simplest  approximation  to  the  wedge  radome 
problem  is  suggested  in  Figure  2-54,  in  which 
parallel  rays  are  pictured  as  traveling  from  the 
antenna  through  the  radome.  Here  the  only 
effect  of  the  radome  is  to  change  the  amplitude 
and  phase  of  each  ray  according  to  the  plane- 
wave,  plane-sheet  transmission  coefficient  for 


the  appropriate  angle  of  incidence.  While  this 
simple  model  may  serve  quite  well  in  some 
situations,  it  yielded  unsatisfactory  calculations 
in  this  case,  as  shown  in  Fi»»r«  Much 

better  results  were  obtained  by  talcing  into 
account  the  refractive  shift  of  each  ray  as  it 
passes  through  the  radome  (Figure  2  56),  as 
shown  in  Figure  2-57.  Since  a  small,  broad- 
beam  antenna  was  being  used,  it  was  believed 
that  a  further  increase  in  accuracy  could  be 
obtained  by  taking  into  account  the  ray  curva¬ 
ture.  This  was  done  by  using  the  measured 
ray  map  shown  in  Figure  2-58.  The  resulting 
calculations,  including  the  effects  of  the  trans¬ 
mission  coefficient,  refraction,  and  ray  curva¬ 
ture,  are  shown  in  Figure  2-59. 

The  chief  remaining  sources  of  error  in  the 
calculations  aro  bellevod  to  be: 

a.  The  use  of  plane-wave,  plane-sheet  theory 
to  describe  transmission  through  the  radome, 
especially  near  its  vertex; 
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Flguro  2-55.  Moon nod  ond  Calculator!  H-P lotto  For-Fleld 
Potfornt  of  Amount  with  Wedgp  -Shaped  Rodomt,  Utlng  Port- 
tie  I— Ray  Theory  (By  permloolon  of  Ohio  State  Unloorolty) 


Flguro  2-Si.  Portllol-Roy  T totutolttlon  Through  Rodomo  Show¬ 
ing  Refraction  (From  Roforonco  if  by  permlrelea  of 
Ohio  Stott (Jnlvottlty) 
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Figure  2-57.  Celetletod  Field*  el  Antenna  wHfc  Wedge-Shaped 
Radamu,  Ualng  Pertllel—Ray  Theory  and  Retinal  to  (From  Re- 
Iwm  57  ky  petnd aalon  o  I  Ohio  Stata  Uniumalty) 


Figure  2-58.  NmwW  W*P(tM  Comfy  Flo at  Map  hr  Hum 
Artltnoe  a*  78 00  ■■ycycMi  (Hioai  RWwm <a  67  ly  pur- 
mltalon  of  Ohio  Stmt  UnlvmtHy) 


b.  The  use  of  optical  ray  theory  to  project  the 
flelus  from  one  reference  surface  to  another; 
and 

c.  The  use  of  approximations  in  numerical 
evaluation  of  the  double  Integral  appearing  in 
the  far-field  pattern  expression. 

The  wedge  radome  results  Just  described  are 
for  perpendicular  polarisation.  At  parallel 
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Figure  2—57.  Calculation*  lot  Wedge  Shaped  Rodent*,  0a Inf 
Energy  Float  Map  and  Refraction  Theory  (From  Rofertnce 
69  ky  perml alien  el  Ohio  Slate  Unhrenlty} 


Figure  2-60,  Lloyd* l  Mirror  Effect  on  a  Rodeme 


polarization  much  less  pattern  distortion  was 

produced.  The  chief  effect  of  the  radome  in  | 

this  case  was  to  reduce  the  beam  width,  as  dis¬ 
cussed  in  Section  H. 

2-34.  Lloyd’s  Mirror  Effect^ 

Waves  reflected  from  the  radome  walls  may 
arrive  in  phase  with  the  main  beam  at  one  dis-  t 

tant  point,  and  out  of  phase  at  some  other  point. 

The  Interference  between  the  direct  and  reflec¬ 
ted  waves,  illustrated  in  Figure  2-60,  is  re-  1 

fered  to  as  the  Lloyd's  mirror  effect. 

The  reflected  wave  carries  less  power  than 
the  main  beam,  since  the  reflection  coefficient 
of  radome  walls  is  small.  The  reflected  beam 
is  likely  to  be  broader  than  the  main  beam.  j 
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Although  the  reflected  beam  Is  not  aimed  in  the 
same  direction  as  the  main  beam,  some  over¬ 
lapping  of  the  two  beams  may  occur,  especially 
-*  certain  look  angles.  When  tne  antenna  axis 
coincides  with  the  radome  axis,  the  reflected 
waves  may  produce  nothing  more  than  side 
lobes.  At  look  angles  large  enough  so  that  the 
beam  clears  the  radome  vertex,  the  reflected 
oeam  is  aimed  in  such  a  direction  that  It  is  not 
likely  to  overlap  the  main  beam.  At  Interme¬ 
diate  look  angles,  the  Lloyd's  mirror  effect  will 
be  maximum.  At  such  angles,  the  main  and 
reflected  beams  are  aimed  in  nearly  the  same 
direction.  Furthermore,  at  such  look  angles 
the  angle  of  Incidence  may  be  quite  high  on  a 
portion  of  the  radome,  and  this  may  result  in  a 
rather  high  reflection  coefficient.  The  Lloyd's 
mirror  effect  is,  of  course,  minimized  if  the 
reflection  coefficient  is  kept  small.  It  is  aiso 
minimized  by  keeping  the  effective  reflecting 
area  email  compared  with  the  antenna  aperture 
area. 

Reflection  is  responsible  for  much  of  the 
near-field  distortion  shown  in  Figure  2-47  and 
2-48.  This  was  deduced  by  comparing  these 
figures  with  measurements  obtained  with  one 
sheet  of  the  wedge-shaped  radome  removed.  In 
the  far-field  patterns  obtained  with  the  same 
radome,  side  lobes  are  observed  as  a  result  of 
this  reflection.  In  Figure  2-53,  these  side 
lobes  were  displaced  too  far  from  the  main 
beam  to  show  up. 

The  boresight  error  produced  by  the  Lloyd's 
mirror  effect  la  analyzed  in  References  49  and 
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2 5,  Antenua-Radome  Interaction^^ 

In  blunt-nosed  radomes  some  energy  reflect¬ 
ed  from  the  radome  can  travel  back  to  the 


antenna,  and  contribute  to  diffraction  after  re¬ 
flection  from  the  antenna.  The  radome  error 
produced  by  this  phenomenon  tend*  tn 
tive  to  small  changes  in  position  of  the  antenna 
gimbai  point.  Such  Interaction  has  been  ob¬ 
served  With  blunt  radomes  and  with  flat  sheets 
near  normal  Incidence.  This  effect  is  minor  in 
high-lneidence  radomes  where  the  reflected 
waves  do  not  tend  to  travel  back  toward  the 
antenna. 

2-38.  Trapped  Waves^ 

A  sheet  of  dielectric  may  Berve  as  a  wave¬ 
guide  for  the  propagation  of  energy  in  a  direc¬ 
tion  parallel  to  the  surface  of  the  sheet.™ 
Such  "trapped  waves"  can  propagate  along  a 
solid  sheet  or  sandwich,  no  matter  how  thick  or 
thin  It  may  be..  The  fields  associated  with  a 
trapped  wave  extend  outside  the  dielectric 
sheet,  hU  decrease  exponentially  in  amplitude 
with  distance  from  the  dielectric.  A  trapped 
wave  loses  no  energy  to  radiation  in  regions 
where  the  sheet  is  flat,  but  does  radiate  in  re¬ 
gions  of  high  curvature.  Trapped  waves  are 
most  likely  to  be  excited  if  the  clearance  be¬ 
tween  the  antenna  and  the  radome  wall  Is  small 
and  If  the  angle  of  Incidence  is  large.  The 
energy  taken  out  of  the  primary  beam  In  this 
manner  will  travel  along  in  the  radome  wall 
until  at  some  point  near  the  vertex  the  increas¬ 
ing  curvature  will  allow  It  to  reradlato.  The 
effect  ou  the  far-field  pattern  and  the  boresight 
shift  depends  on  the  amount  of  power  carried 
by  the  trapped  wave  and  the  pattern  In  which  it 
in  reradiated.  The  reradiatlon  pattern  depends 
on  the  radome  shape.  .Trapped  waves  are  likely 
to  have  minor  effect  In  radomes  having  ade¬ 
quate  clearance  between  antenna  and  radome. 

Trapped  waves  are  studied  in  several  refer¬ 
ences  listed  In  the  bibliography. 


SECTION  J.  STREAMLINED  LENS-RA DOMES* 


The  conventional  antenna  used  with  a  radome 
Is  a  paraboloidal  dish  and  feed.  The  feed 
serves  as  a  source  of  spherical  waves  and  the 
dish  focuses  or  collimates  this  energy  into 
locally  plane  waves  which  travel  out  into  space. 
Electrically,  the  radome  serves  no  useful  pur¬ 
pose  and  is  designed  to  produce  minimum  effect 


‘This  section  is  a  condensation  of:  Alan  F. 
Kay,  "Streamlined  Lens-Radomes,"  (Technical 
Research  Group,  New  York,  N.  Y.),  W.A.D.C.- 
O.S.U.  Radome  Symposium,  June  1956. 


on  the  fields,  A  focusing  element  of  another 
type  occasionally  used  Instead  of  the  dish  is  a 
dielectric  lens.  Because  the  lens  action  of  ra¬ 
domes  has  frequently  been  observed,  it  seems 
natural  to  ask  if  it  is  not  possible  to  combine 
the  function  of  the  dielectric  housing  (the  ra¬ 
dome),  and  the  antenna  focusing  element  Into  a 
single  unit,  a  "lens -radome." 

In  a  certain  sense,  lens-radomes  have  been 
used.  Any  time  a  dielectric  lens  is  used  in  a 
flush-mounted  application  or  without  a  radome, 
the  focusing  and  housing  functions  are  being 
performed  by  a  single  component.  Such  appli- 
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cations,  however,  are  not  the  ones  In  which 
radomes  have  difficult  problems;  for  one  thing, 
uiiiii  recently,  lens- radomes  nave  not  Deen 
streamlined.  Their  exterior  surfaces  have 
been  flat,  almost  flat,  or  at  most,  spherical. 

2-37.  The  Luneberg  Lens 

An  example  of  the  latter  Is  the  Luneberg  lens 
(Figure  2-61).  The  Luneberg  lens  is  a  spheri¬ 
cally  symmetric  lens  whose  relative  dielectric 
constant  varies  from  a  maximum  of  2  at  the 
center  to  unity  on  the  outer  surface  following 
the  law 

o  ir\  2 

'r  =  1  '  (a  >  (2-218) 


where  a  Is  the  radius.  On  the  basis  of  geome¬ 
trical  optics,  a  point  source  placed  on  the  sur¬ 
face  of  the  Luneberg  lens  is  focused  into  a 
plane  collimated  beam.  Because  of  the  spheri¬ 
cal  symmetry,  the  beam  will  scan  throughout 
all  space  without  distortion  If  the  source  tra¬ 
verses  the  surface  of  the  lens  appropriately. 

Lunebergs  have  been  built  and  tested  at  many 
laboratories  and  have  been  found  to  operate 
well  In  the  microwave  range  up  to  frequencies 
above  X-band.  A  proof  that  geometrical  and 
physical  optics  are  quite  accurate  for  the 
Luneberg  lens  has  been  obtained  by  H.  Xaslk,71 
who  gives  an  exact  solution  of  radiation  from 
both  a  dipole  and  an  omnidirectional  source  on 
the  surface  of  a  Luneberg  lens.  Xaslk  compared 
this  solution  with  the  physical  optics  solution 
and  found  no  practical  difference  for  the  main 
lobe  and  the  first  side  lobes  for  a  lens  as  small 
as  2  1/2  wavelengths  In  diameter.  Unlike  con¬ 
ventional  radomes,  a  Luneberg  lens  has  a  slow¬ 
ly  varying  dielectric  constant.  There  are  no 
discontinuities  and  the  maximum  dielectric 
constant  Is  relatively  small. 

2-38.  Streamlined  Lens 

The  Luneberg  lens,  hbwever,  is  not  stream¬ 
lined.  It  would  be  desirable  to  develop  an  axially 
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symmetric  lens-radome  with  fineness  ratio  as 
high  as  3  to  1,  capable  of  scanning  to  ±45°,  for 
applications  where  there  are  weight,  strength, 
thermal,  and  erosion  problems,  as  well  as 
olectrical  transmission  and  boreslghtlng 
requirements. 

Certain  theoretical  considerations,  as  well  as 
the  weight  of  experience,  show  that  only  the 
Luneberg  lens  and  certain  modifications  of  It 
that  are  also  spherically  symmetrical  can 
achieve  perfect  focusing  for  a  range  of  scan 
angles.  Therefore,  only  designs  which  focus 
approximately  throughout  a  scanning  range  will 
be  considered.  A  two-dimensional  analysis  in 
the  plane  of  the  feed  offset  is  sufficient  to  show 
that  most  design  approaches  are  unsatisfactory. 
A  number  of  design  procedures  have  been  con¬ 
sidered,  A  particular  type  of  dielectric  con¬ 
stant  variation  was  considered  first,  then  some 
criterion  of  focusing  and  scanning  was  em¬ 
ployed  such  as  two-  or  three-point  correction 
or  the  Abbe  sine  condition,  and  then  the  ray 
pai  s  were  determined.  These  analytical  at¬ 
tempts  were  abandoned  for  one  or  more  of  the 
following  reasons:  inadequate  streamlining, 
computational  complexity,  Inadequate  scanning 
range,  or  Impractical  values  of  dielectric 
constant. 

2-39.  Design  Approach 

The  approach  which  proved  most  successful 
Is  the  reverse  of  the  analysis  procedure.  It 
begins  by  choosing  a  field  of  curves  which,  if 
they  were  rays,  would  mean  good  focusing  and 
scanning  properties.  Then  a  dielectric  con¬ 
stant  variation  is  "synthesized"  in  such  a  way 
that  the  rays  associated  with  it  are  the  chosen 
curves.  The  desirable  focusing  and  scanning 
properties  are  thereby  realized. 

For  example,  suppose  we  would  like  the  outer 
surface  of  the  lens-radome  to  be  aspherold  with 
semi-major  axis  a,  and  axial  ratio  A  as  in  Fig¬ 
ure  2-62.  The  fineness  ratio  can  be  chosen  as 
large  as  desired.  Now  we  want  a  family  of 
rays  which  focus  and  Imply  some  scanning 
ability.  We  choose  a  family  of  ellipses,  for  a 
number  of  reasons: 

1.  They  focus;  that  is,  they  all  start  from  the 
axial  feed  point  and  emerge  at  the  outer  sur¬ 
face  of  the  lens  parallel  to  the  axis. 

2.  They  satisfy  the  Abbe  sine  condition.  This 
condition  implies  that  when  the  feed  point  is 
moved  off  tho  axis  for  a  short  distance  the 
beam  will  scan  and  the  lens  will  continue  to 
focus  those  rays  in  the  plane  shown,  as  well  as 
the  rays  leaving  the  source  and  entering  the 
lens  in  all  directions  in  space. 
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3.  When  A  Is  unity,  this  design  reduces  to  the 
ordinary  Luneberg  lens. 

Now  how  do  we  determine  a  dielectric  con¬ 
stant  variation  which  actually  makes  the  ellip¬ 
tical  curves  into  rays?  In  a  design  by  analysis 
one  would  know  the  dielectric  constant  and  de¬ 
sire  to  find  the  ray  paths.  Here  we  have  the 
ray  paths  and  desire  to  determine  the  dielec¬ 
tric  constant.  We  first  find  the  orthogonal  tra¬ 
jectories  of  the  rays;  these  are  the  wave 
fronts.  This  can  be  done  numerically  or  by  the 
simple  graphical  means  of  starting  at  a  point 
on  the  outer  lens  surface  and,  with  the  aid  of 
triangles,  tracing  by  eye  a  curve  which  inter¬ 
sects  each  successive  ray  at  right  angles.  The 
graphical  method  has  proved  quick,  simple,  and 
accurate  for  this  problem. 

Next,  the  dielectric  constant  Is  found,  as  fol¬ 
lows.  Let  s  denote  arc  length  along  a  particu¬ 
lar  wave  front.  We  take  a  pair  of  divlderswith 
a  fixed  3mall  spacing  A s,  and  lay  off  a  series  of 
equidistant  points,  say  1,  2,  ....  J,  on  the  wave 
front,  the  first  point  being  at  the  outer  surface. 
Then  the  relative  dielectric  constant  at  point 
j  Is  found  from  Equation  (2-217) 

)-l 

In  =  In  +  (*q  +  +  2  s  (2-217) 

1=1 

where  k  j  is  the  radius  of  curvature  of  the  rays, 
and  Is  obtained  by  Interpolation  from  the 
values  of  curvature  of  the  rays  near  point  1, 
Equation  (2-217)  Is  obtained  by  integrating 
Equation  (14),  on  page  112  of  Reference  44  and 
applying  the  trapezoidal  rule.  <o  is  the  dielec¬ 
tric  constant  on  the  outer  surface  and  is  arbi¬ 
trary.  In  this  way,  we  determine  <  on  each 
wave  front  and  repeating  for  all  the  wave  fronts 
we  have  «  at  a  set  of  points  covering  the  whole 
lens.  By  Interpolation  we  determine  contours 
of  constant  dielectric  constant,  the  "isofracts." 
This  method  was  tested  with  the  Luneberg  lens, 
and  It  gave  the  correct  result  with  an  accuracy 
in  /T  ol  ±0.005  or  better. 


This  method  has  been  used  to  design  a  spher¬ 
oidal  lens  having  an  axial  ratio  A  of  2,  as  well 
as  an  ogival  lens  having  an  overall  fineness 
ratio  of  about  2:1  and  a  surface  dielectric  con¬ 
stant  of  1.04.  If  the  surface  dielectric  constant 
is  chosen  greater  than  unity,  then  refraction 
will  take  place  at  the  boundary;  this  must  be 
accounted  for  In  the  equations  for  the  rays. 
While  the  method  still  applies  in  principal,  dif¬ 
ficulty  is  experienced  near  the  nose.  In  view  of 
the  requirements  of  focusing,  the  Abbe  sine 
condition,  and  a  large  fineness  ratio,  if  we  ask 
for  a  surface  dielectric  constant  of  1.4  or 
greater,  then  the  thickness,  through  which  a 
dielectric  constant  appreciably  greater  than 
unity  p  "avails,  turns  out  to  be  so  thin  that  it 
seems  just  as  satisfactory  and  much  simpler  to 
work  with  an  cq  -  1  design  to  begin  with  and 
then  add  a  thin,  high  dielectric  constant  layer 
to  the  outer  surface.  The  error  introduced 
thereby  may  be  partially  compensated  later. 

2-40.  Manufacture  of  Lens 


Let  us  turn  now  to  some  practical  consider¬ 
ations.  How  would  one  make  such  a  lens?  To 
answer  this  question  we  examine  the  technology 
developed  for  the  Luneberg  lens;  for  example, 
one  suitable  for  X-band  or  lower  frequencies. 
It  has  been  found  satisfactory  to  approximate 
the  dielectric  constant  gradient  by  10  homogen¬ 
eous  concentric  spherical  shells.  The  loss 
tangent  must  be  less  than  0.01,  but  dimensional 
tolerances  are  half  the  thickness  of  the  layer 
and  are  no  problem  at  all.  Luneberg  lenses  are 
now  available  commercially  from  at  least  three 
places.  Methods  of  manufacture  differ:  the 
layers  may  be  machined  or  molded  In  matched 
dies,  they  may  be  made  of  polyfoam  of  various 
densities,  perhaps  loaded  with  conducting  par¬ 
ticles,  or  of  a  ceramic  foam;  or  they  may  be 
artificial  dielectric. 

All  these  techniques  apply  equally  well  to  the 
streamlined  lens-radomes.  As  an  illustration 
of  cost,  it  is  estimated  that  a  single  experi¬ 
mental  model  of  either  the  blunt  or  streamlined 
shape,  held  to  tolerances,  and  made  by  machin¬ 
ing,  would  cost  $7,000.  If  matched  dies  were 
used,  the  cost  would  be  much  higher,  especially 
since  the  layers  are  not  spherical. 

Two  practical  problems  are  transmission 
loss  and  weight.  Table  2-H  shows  the  esti¬ 
mated  maximum  transverse  diameter  In  wave¬ 
lengths  for  a  streamlined  lens-radome  for  a 
3-db  and  a  1-db  maximum  transmission  loss 
for  three  typical  materials.  Table  2-Q  also 
gives  the  weight  of  the  lens-radome  for  two 
diameters  and  the  same  materials. 
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It  appears  that  loaded  materials  are  likely  to  meter  versus  the  lens  radius,  based  on  physical 

be  far  too  lossy  but  that  unloaded  materials  optics  and  the  Raleigh  criterion, 

may  be  too  heavy;  or,  alternatively,  a  small 

lens-radome  should  have  no  loss  or  weight  The  Abbe  sine  condition  does  not  guarantee 

problem,  but  a  large  ler.e  radome  prnh-  a  large  amount  of  scanning.  How  do  these 

ably  require  an  unusually  low-loss,  lightweight  lenses  behave  off  axis?  Can  they  scan  to  45°? 

foam  to  be  feasible.  To  answer  these  questions,  ripple  tank  model 

stud  ten  have  been  made.  Although  the  scanning 
range  appears  to  be  at  least  *30°,  this  study  is 
2-41.  Lena  Feeding  still  in  progress  and  definite  conclusions  can¬ 

not  be  stated  at  this  time  (June  1956).  Addi¬ 
tional  discussion  of  lenses  and  lens-radomes 
Feeding  the  lens  Is  another  problem.  Table  will  be  found  in  the  references  listed  In  the 
2 -in  shows  the  maximum  feed  aperture  dia-  bibliography. 


Table  2-11.  Lens-Re dome  Weight  and  Trent m/li/01  Lon 


Material 

Maximum  diameter, 
wavelengths 

Weight, 

lbs. 

for  3-db 

for  1-db 

diameter 

diameter 

loss 

loss 

5  Inches 

30  inches 

1.  Polystyrene  foam 

444 

148 

0.89 

193 

2.  Loaded  polyfoam 

6.3 

2.1 

0.22 

48 

3.  Ceramic  foam 

133 

44 

0.71 

154 

Table  2 -III.  Feed  Aperture  Diameter  Venus  Lens  Radius 


Lens  Radius  in  Wavelengths 

Maximum  Feed  Diameter 

in  Wavelengths 

k/  8  Criterion 

K  / 16  Criterion 

3 

0.58 

0.33 

4.8 

0.84 

0.48 

6 

1.0 

0.58 

10 

1.45 

0.87 

18 

2.16 

1.34 

30 

3.0 

1.92 

50 

4.1 

2.68 

SECTION  K.  RADOMES  FOR  MILLIMETER  WAVELENGTHS* 

2-42.  Difficulties  At  Millimeter  Wavelengths  dome  would  be  only  a  few  thousandths  of  an 

inch  thick.  Even  the  first-order  half-wave 
A  number  of  difficulties  arise  In  designing  a  homogeneous  sheet  or  sandwich  becomes  too 

radome  for  use  at  millimeter  wavelengths.  At  thin  and  weak  at  millimeter  wavelengths.  Suf- 

wavelengths  from  1  to  10  mm  (frequencies  ftclent  strength  might  be  obtained  with  a  flrst- 

from  30  to  300  kmc),  the  electrically  thin  ra-  order  half-wave  wall  by  pressurization.  This 

— -  technique  has  been  proposed  for  thln-wall 

♦The  material  in  this  section  Is  taken  from;  missile  radomes  at  X-band. 

Jack  H.  Richmond  and  David  C.  Stickler.  "Ra¬ 
domes  for  Millimeter  Wavelengths,"  Report  As  the  wavelength  decreases,  the  permissible 

655-4,  Contract  AF  33(616)-3212,  Antenna  tolerance  Ad  in  wall  thickness  decreases,  as 

Laboratory,  The  Ohio  State  University,  August  given  (for  the  half-wave  sheet)  by  Equation 

1956.  (2-62): 


*0  /  aY  cos  e 
2»(<r  -  l) 


(2-218) 


thus,  at  a  wavelength  of  S  millimeters  the 
thickness  tolerance  Is  only  one-sixth  as  large 
as  at  3  centimeters,  for  a  given  permissible 
loss  In  power,  given  angle  of  incidence,  and 
dielectric  constant. 

At  the  higher  frequencies  where  first-order 
half-wrve  walls  become  too  thin,  one  might 
consider  the  use  of  second-order  (full-wave¬ 
length)  or  higher  order  walls.  For  a  given  di¬ 
electric  constant  and  design  angle  of  incidence, 
the  higher  order  homogeneous  flat  sheets  have 
several  disadvantages  In  comparison  with  the 
first-order  half-wave  sheet,  Including  the 
following. 

a.  The  permissible  tolerance  A  cr  In  dielec¬ 
tric  constant  decreases  as  the  order  n  In¬ 
creases,  as  given  by  Equation  (2-83): 


A‘r  =“ 


i '  "5”  o  3/2 

2  U  Tj*  («r  -  sin'1  $)  cos  6  (2-219) 


n  "  (*r  -  1) 


b.  The  loss  In  transmission  at  the  design 
angle  of  Incidence  Increases  almost  in  direct 
proportion  with  n;  for  example,  if  the  sheet  is 
designed  for  normal  Incidence,  the  loss  In 
power  transmission  due  to  dielectric  losses  Is, 
by  Equation  (2-57): 


.f  l 

AT2  a - tin  tan  i 


(2-220) 


Thus,  in  constructing  the  higher  order  half¬ 
wave  sheets  it  becomes  more  important  to  use 
low-loss  radome  materials. 

c.  The  refractive  shift  b  is  proportional  to  n, 
as  given  by  Equation  (2-183): 


b  nsin(^-«r) 
*0  2|^Tcos2^r 


(2-221) 


The  refractive  shift  is  never  greater  than  the 
thickness  of  the  radome  wall  itself.  The  re¬ 
fractive  shift  will  therefore  probably  be  no 
greater  in  a  millimeter  radome  than  In  any 
other  radomo;  however,  the  diameter  of  the 
vertex  ahadow  zone  (Section  H)  may  amount  to 
several  wavelengths  at  the  higher  frequencies. 
In  this  case,  the  far-fleld  diffraction  pattern 
associated  with  the  shadow  zone  may  become 


quite  directive,  thus  introducing  pattern  distor¬ 
tion  and  system  errors. 

d.  The  performance  over  a  given  range  -f 
angles  oi  incidence  deteriorates  as  n  increases. 

e,  The  performance  over  a  given  range  of 
frequencies  deteriorates  as  n  increases. 


2-43.  Disadvantages  of 
Wave  Walls 


her-Order 


The  decreased  performance  over  a  range  of 
angles  of  incidence  can  be  illustrated  by  refer¬ 
ence  to  Figure  2-63.  Assuming  a  lossless  ra¬ 
dome  material  with  a  dielectric  constant  of  4, 
suppose  it  is  desired  to  choose  a  wall  thickness 
to  make  T2  as  constant  as  possible  for  all 
angles  of  incidence  from  0  to  80°.  From  Fig¬ 
ure  2-63,  this  requires  a  thickness  of  0.302 
free-space  wavelengths  for  the  (modified)  first- 
order  sheet  or  0.5B2  wavelengths  for  a  second- 
order  sheet.  The  power  transmission  coeffi¬ 
cients  obtained  In  the  two  cases  are  about  0.83 
and  0.67,  respectively. 

As  another  example,  suppose  we  wish  to 
choose  a  wall  thickness  to  maximize  the  mini¬ 
mum  T?  over  the  range  of  angles  of  incidence 
from  0to  80°.  From  Figure  2-63,  this  re¬ 
quires  a  thickness  of  0.283  or  0.566  wave¬ 
lengths  for  a  first-  or  second-order  sheet, 
respectively.  The  minimum  power  transmis¬ 
sion  coefficients  obtained  In  the  two  cases  are 
0,937  and  0.760,  respectively. 

Or,  consider  the  problem  of  minimizing  the 
variation  In  insertion  phase  shift  for  angles  of 
Incidence  between  0  and  85°.  From  Figure 
2-64,  this  requires  a  thickness  of  about  0,23  or 
0.53  wavelengths.  The  variation  in  insertion 
phase  delay  is  0.18  or  1.18  radians,  respec¬ 
tively. 

In  this  particular  case  (er  »  4,  tan  s  -*  0,  per¬ 
pendicular  polarization,  homogeneous  flat 
sheet),  U  the  thickness  is  chosen  to  maximize 
the  minimum  transmission,  to  minimize  the 
variation  in  transmission,  or  to  minimize  the 
variation  in  phase  shift,  the  second-order  sheet 
provides  much  poorer  results  than  the  first- 
order.  The  third-order  sheet  is  even  worse. 

Now,  we  may  wish  to  use  a  compromise  de¬ 
sign  which,  for  the  given  range  of  angles  of 
incidence,  will  sacrifice  performance  on  each 
of  the  individual  design  criteria  in  hopes  of 
obtaining  better  overall  characteristics.  The 
compromise  thickness  must  be  somewhere  be¬ 
tween  0.230  and  0.302  wavelengths  for  the  half¬ 
wave  sheet,  or  between  0.530  and  0,592  wave- 
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lengths  for  the  full-wave  sheet.  It  Is  apparent, 
after  a  closer  study  of  Figures  2-63  and  2-64, 
that  a  compromise  full-wave  sheet  will  be  sub¬ 
stantially  poorer  than  h  compromise  half-wave 
sheet.  The  same  conclusions  are  reached  by 
studying  curves  for  homogeneous  sheets  of 
other  dielectric  constants. 

It  was  stated  that  the  bandwidth  over  which 
good  performance  is  obtained  decreases  as  the 
order  of  the  half-wave  homogeneous  flat  sheet 
is  Increased.  This  can  be  illustrated  by  re¬ 
ferring  again  to  Figure  2-63.  Assume  a  loss¬ 
less  material  with  dielectric  constant  of  4.  If 
the  design  angle  of  incidence  is  aero  degrees, 
the  thicknesses  of  first-  and  second-order 
sheets,  measured  in  free -space  wavelength  at 
the  design  frequency,  will  be 


and 


dl 

~=0  25  (7.-222) 

*0 


do 

«0.h0  (2-223) 

*0 


respectively.  At  the  design  frequency  and 
angle  of  incidence,  perfect  transmission  is 
obtained  in  both  sheets.  Now,  consider  the 
performance  at  a  somewhat  lower  frequency 
where  the  free-space  wavelength  is,  say, 


^  n  i.2*0  (2-224) 
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The  thicknesses,  In  terms  of  the  froe-specc 
wavelength,  become 


U1 

—  =  0.208  (2-22  B) 

N) 

and 

d2 

—  =  0.416  (2-226) 

i  < 


From  Figure  2-63,  at  the  new  frequency  the 
power  transmission  coefficients  of  the  flrst- 
and  second-order  sheets  drop  to  0.888  and 
0.700,  respectively;  thus,  the  higher  order 
sheets  are  more  narrow  banded. 

It  appears  that  all  the  pertinent  electrical 
properties  of  the  homogeneous  hall -wave  flat 


sheet  become  worse  as  the  order  is  Increased. 
When  a  higher  order  uheet  must  be  used  to  ob¬ 
tain  sufficient  strength,  poorer  radome  perfor¬ 
mance  must  be  expected  unless,  for  example, 
the  fineness  ratio  of  the  radome  is  reduced  or 
the  antenna  beam  width  Is  decreased.  No  easy 
solution  to  this  problem  is  known. 

2-44.  Techniques  Used  In  Infrared  Systems 

We  might  Inquire  how  this  problem  is  over¬ 
come  In  the  "Irdome"  (radome  for  Infrared 
systems).  At  a  wavelength  of  2  microns  (1 
millimeter  =  1,000  microns),  an  irdome  wall 
thickness  of  0.5  centimeters  with  a  dielectric 
constant  of  2  yields  a  half-wave  wall  of  order 
7,070  for  normal  incidence.  As  the  angle  of 
Incidence  is  raised,  the  order  rapidly  de¬ 
creases,  becoming  7,000  at  11.6°,  and  5,000  at 
grazing  incidence.  Equation  (2-56).  The  same 
effect  is  produced  by  a  change  in  frequency. 
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For  example,  at  normal  Incidence  the  order  is 
changed  from  7,070  to  7,000  by  changing  the 
free-space  wavelength  from  2  microns  to  2.02 

minrnno*  F  ^  c<  ^  the  t  m  "  m  iCH  1C  “  CCC»*iC  iC  r»t 

varies  rapidly  through  alternate  maxima  and 
minima  as  the  frequency  or  angle  of  Incidence 
is  varied. 

A  variation  in  thickness  of  this  irdome  of 
only  0.001  inch  will  change  its  order  by  36,  as¬ 
suming  normal  incidence,  A  dielectric  constant 
increase  to  2,01  will  increase  the  order  by  18. 
Obviously,  If  the  irdome  were  to  be  used  with 
an  infrared  system  employing  a  single  wave¬ 
length,  It  would  Introduce  severe  beam  tilt, 
depolarization,  and  reflection.  The  permis¬ 
sible  tolerances  In  wall  thickness,  shape,  di¬ 
electric  constant,  and  frequency  would  be  fan¬ 
tastically  small,  These  difficulties  are  avoided 
by  using  a  band  of  frequencies,  with  wave¬ 
lengths  extending  from,  say,  1  to  5  microns. 
Although  the  irdome  may  have  poor  trans¬ 
mission  for  some  of  the  frequency  components, 
It  will  have  good  transmission  for  others,  The 
average  transmission  coefficients  over  the 
range  of  frequencies  may  be  quite  high  if  low- 
loss  materials  are  used,  the  dielectric  constant 
is  low,  and  thin  skins  of  lower  dielectric  con¬ 
stant  are  used  to  reduce  reflection, "3.74,75 
Furthermore,  the  average  transmission  coef¬ 
ficient  may  be  nearly  constant  over  a  range  of 
incidence  angles. 

Depolarization  loses  much  of  Its  significance 
in  the  Infrared  system,  since  the  generators 
and  detectors  are  usually  unpolarized  (ran¬ 
domly  polarized).  Insertion  phase  shift  loses 
much  of  its  Importance  since  the  infrared  ra¬ 
diation  is  Incoherent  (randomly  phased).  These 
considerations  also  apply  to  optical  systems, 
such  as  the  human  eye,  with,  for  example,  a 
glass  window  pane  serving  as  a  "radome." 

In  view  of  the  difficulties  encountered  in  de¬ 
signing  a  millimeter  radome,  especially  at  the 
shorter  millimeter  wavelengths,  it  may  be  ad¬ 
vantageous  to  adapt  some  of  these  Infrared 
techniques  to  the  millimeter  wavelengths.  For 
example,  consider  a  lossless,  homogeneous 
sheet,  one-half  Inch  thick,  to  be  used  at  a 
wavelength  of  2.54  millimeters:  then,  dA  o  Is  5, 
and  the  transmission  coefficient  Is  as  shown  In 
Figure  2-65,  assuming  a  dielectric  constant 
of  4.  Figure  2-66  also  shows  the  transmission 
coefficient  for  the  same  sheet  at  a  slightly 
different  wavelength,  ^6,  where  dAo  Is  5.14. 


The  transmission  coefficient  at  each  of  these 
wavelengths  varies  excessively  versus  angle  of 
Incidence.  Suppose,  however,  a  radar  system 
weie  uesinneu  io  employ  both  wavelengths 
simultaneously,  and  to  respond  to  the  average 
of  the  power  levels  received  at  the  two  wave¬ 
lengths;  the  effeciive  transmission  coefficient 
Tay^  would  then  be  the  average  of  the  values 
TjZ^  and  Tj  2  at  the  tv/o  wavelengths.  That  Is, 

T2  =i(T,2+T;2)  (2-227) 

ave  2  t  1 

This  average  transmission  coefficient,  shown 
In  Figure  2-67,  is  much  less  dependent  on  angle 
of  Incidence  than  the  original  transmission 
coefficients.  Of  course,  to  take  best  advantage 
of  this  effect  >.q  and  *5  must  be  properly 
chosen,  as  described  In  Reference  76.  Addi¬ 
tional  improvement  could  be  obtained  by  using 
a  lower  dielectric  constant,  by  adding  thin  low- 
reflecting  skins  to  the  sheet,  and  by  using  more 
than  two  frequencies  (or  by  using  a  band  of 
frequencies). 

2-45.  Wall _ Constructions  for  Millimeter 

Wavelengths 

An  "A"  sandwich  with  half-wave  skins  and 
with  a  very  low  core  dielectric  constant  has 
been  suggested  for  use  at  very  short  wave¬ 
lengths,  such  as  Ka-band. As  explained  In 
Section  B,  this  type  of  sandwich  can  be  designed 
for  perfect  transmission  (assuming  lossless 
materials  and  air  core)  at  two  angles  of  inci¬ 
dence.  At  millimeter  wavelengths  this  con¬ 
struction  would  not  be  excessively  heavy,  and 
its  extra  thickness  (compared  with  the  ordinary 
thin- skin  "A"  sandwich)  would  be  an  advantage. 

in  reference  38  lo  suggested  that  a  dielec¬ 
tric  sheet  having  a  continuously  varying  dielec¬ 
tric  constant  might  be  designed  for  extreme 
broadband  performance.  The  dielectric  con¬ 
stant  would  be  low  at  the  surface  and  would 
gradually  rise  to  a  maximum  at  the  center  of 
the  sheet.  It  would  seem  that  if  practical 
sheets  of  this  type  were  developed  they  might 
show  promise  for  use  at  millimeter  wave¬ 
lengths. 

C  sandwiches  have  been  used  at  Ku-band  for 
their  good  electrical  properties  and  mechanical 
strength.21  Certain  multiple  sandwich  con¬ 
structions  have  been  found  to  be  extremely 
broadband,  therefore;  it  would  seem  that  they 
might  also  prove  useful  (or  millimeter  ra- 
domes. 
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U'lUtiA  Ut  OtSlDULO 


a  Extremity  ol  antenna  aperture 

b  Extremity  of  antenna  aperture 

c  Constant  of  the  ogive 

d  Constant  of  the  ogive 

d  Diameter  of  the  circular  aperture 

d  Normal  sheet  thickness 

d  Thickness  of  radome 

d/\  Normalized  wall  thickness  * 

dpA  Normalized  core  thickness 

dg A  Constant  normalized  skin  thickness 

E  Electric  field  vector 

e  Polarization  vector  In  HV  plane 

G  Gain  of  antenna 

H  Magnetic  field  vector 

h  Elevation  of  aircraft 

tv  Unit  vector  parallel  to  x-axls 

i_y  Unit  vector  parallel  to  y-axis 

y  Unit  vector  parallel  to  z-axis 

In  Vector  located  along  Intersection  of 

11  incidence  plane  and. plane  HV 

n  Outward-directed  unit  normal  vector 

to  surface  at  (x,  y,  z),  direction  de¬ 
fined  by  gradient  of  surface  function 
F  (x,  y,  z) 


P  Antenna  pattern 

Power  density  received  at  a  fixed 
position  In  the  antenna  beam  without 
a  radome  present 

Power  density  received  at  same 
point  as  A,  but  when  radome  Is 
properly  installed  above  antenna 

Pj,  Power  density  along  ground  for  air¬ 

craft  at  elevation  h 

Pm  Minimum  detectable  power  level  Into 

the  receiver 

Pr  Received  power  In  the  presence  of 
a  radome 

Pr0  Power  at  the  receiver 

Pq  Total  transmitted  power 

£  Unit  vector  of  direction  of  propa¬ 

gation  of  radiated  field 

R  Constant  of  the  ogive 

R  Slant  range  to  point  on  ground 

under  consideration 

Re  Mean  radius  of  the  earth 

Rg  True  ground  range 

Rm  Maximum  range  In  the  presence 

of  the  radome 

Rm0  Maximum  range  at  which  target 

having  cross  section  of  o  can  be 
detected 

Rq  Chord  subtended  ly  angle  “  at 

radius  Re 
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INDEX  OF  SYMBOLS  (cont) 


T0 

.pi 


Radius  at  dxial  station  point  z 

Surface  area  of  radome 

Effective  complex  transmission 
coefficient 

Power  transmission  coefficient 
of  the  radome 


T1 .  tji  Complex  transmission  coefficients 
oi  a  linearly  polarized  wave 

Weight  of  radome 

Weight  of  sandwich  radome  (pounds) 


W 

WA 

W„ 


yi 

z 


A 

AS 


Weight  of  solid-wall  glass  fiber 
radome  (pounds) 

Radome  surface  coordinate 

Radome  surface  coordinate 

Axial  station  point 

Radome  surface  coordinate 

Angle  between  1 and  V-axis 

Angle  between  Zl-  and  z-axes 

Antenna  orientation  angle 

Half-power  beam  width  (in  degrees) 
of  the  main  beam  (central-maximum) 

Insertion  phase 

Surface  of  radome 

Core  dielectric  constant 


6 

6 

6 


'r  "flstive  dielectric  constant  of 

solid  wall 

cs  Skin  dielectric  constant 

f  ^B1®  measured  from  the  horizontal 

plane  to  R 

Depression  angle 

Incidence  angle 

Incremental  element  of  radome 
of  surface  AS  having  position 
coordinates  x,  y,  and  z 

eB  Brewster's  angle 

6 IV  ev  Angles  between  p  and  the  projections 
or  n  of  each  of  the  planes  VP  and  HP 

X  Free  ce  wavelength  of  transmitted 
signal 

S  An?le  whioh  polarization  vector 
makes  with  the  Incidence  plane 


$ 

0 

0 


Density  of  radome  wall 

Density  of  alkyd-isocyanate  foam 

Density  of  glass  fiber  laminate 

E/f»tCtiVe  8Cattering  cross  section 
of  the  target 

Electrical  thickness  in  radians  at  an 
arbitrary  angle  0 

Angle  between  e  and  iv. 

—  — 

Angle  relating  polarization  vector 
e  in  HV  plane  to  V-axis 
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Chapter  3 


SEARCH  RADOME  DESIGN 

SECTION  A.  SEARCH  RADAR  ANTENNAS 


The  term  "search  radar"  Is  a  generic  term 
applicable  to  a  whole  family  of  radars  whose 
principal  function  is  ground  or  aerial  surveil¬ 
lance  of  one  form  or  another.  The  associated 
antennas  are  usually  of  the  primary-feed-plus- 
reflector  variety  where  the  shape  of  the  re¬ 
flector  has  been  determined  on  the  basis  of  the 
pattern  coverage  required.  Although  it  would 
be  possible  to  Illuminate  simultaneously  the 
whole  ground  area  or  spatial  volume  of  Interest 
with  a  broad-beamed  antenna,  the  mode  of  op¬ 
eration  of  most  search  radars  requires  that 
azimuthal  information  be  obtained  by  noting  the 
direction  in  which  the  antenna  is  beamed,  Range 
information  is  usually  obtained  by  transmitting 
pulses  of  r-f  energy  and  detecting  the  travel 
time  to  and  from  various  targets.  Thus  most 
search  antennas  are  designed  to  have  a  rela¬ 
tively  narrow  beam  in  the  azimuthal  plane  with 
broader  coverage  in  the  vertical  plane. 

3-1.  Patterns 

Search  antenna  patterns  are  usually  obtained 
by  using  an  antenna  feed  and  reflector  system 
which  is  similar  in  principle  to  an  automobile 
headlight;  that  Is,  a  primary  feed  source  (such 
as  an  open-ended  wave  guide)  is  the  light  bulb 
of  the  analogy,  and  is  located  at  the  focal  point 
of  a  paraboloid  of  revolution  that  in  turn  is  rep¬ 
resented  by  the  reflector.  Hence,  the  energy 
emanat  ing  fro  m  the  primary  source  is  collimated 
into  an  axially  symmetric  pencil-like  beam. 
Actually  the  coll  imatlon  of  a  pencil  beamis  never 
perfect,  since  the  energy,  whether  it  be  visible 
light  or  microwaves,  propagates  as  waves  and 
not  rays;  however,  if  the  wavelength  of  the 
radiation  is  very  small  compared  to  the  diameter 


of  the  parabolic  reflector,  the  ray  analogy  is 
generally  adequate.  By  calculating  the  Fraun¬ 
hofer  diffraction  pattern  for  a  circular  aperture,* 
it  can  be  shown  that  the  half-power  beam  width 
a ,  in  degrees,  of  the  main  beam  (central- 
maximum)  can  be  related  to  the  diameter  of  the 
circular  aperture  d  and  to  the  wavelength  \  by 


where  k  and  d  are  measured  In  the  same  units. 

The  asymmetrical  type  of  pattern  normally 
required  for  search  radars  can  be  obtained  by 
using  a  parabolic  reflector  whose  aperture 
dimension  in  the  azimuthal  plane  Is  large  in 
comparison  to  its  dimension  In  the  vertical 
plane. 

However,  It  Is  customary  to  perturb  the  contour 
of  the  antenna  in  the  vertical  plane  to  permit 
uniform  Illumination  of  'he  ground  as  a  function 
of  range.  Views  of  Figure  3-1  (a  and  b)  repre¬ 
sent  a  plan  view  and  a  cross  sectional  view, 
respectively,  of  a  search  antenna.  Figure  3  1 
(c  and  d) represent  polar  coordinate  plots  of  the 
idealized  angular  variation  of  radiated  power 
density  from  the  antenna  as  measured  in  the 
azimuthal  and  vertical  planes,  respectively. 
These  plots  of  radiated  power  are  commonly 
referred  to  as  antenna  patterns. 

3-2.  Illumination 

The  requirement  of  uniform  ground  illumination 
somewhat  compl  icates  the  design  of  search  radar 
antennas.^  For  the  case  of  a  flat  earth  and  for 
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Illumination  on  the  ground  over  a  given  range 
interval  for  various  altitudes.  Thus,  with  the 
aid  of  Equation  (3-7),  an  immediate  determin¬ 
ation  of  the  angular  range  over  which  the  pat¬ 
tern  must  satisfy  a  esc”  power  distribution 
may  De  made, 

The  csc^  a  pattern  just  discussed  essentially 
illustrates  the  basic  requirement  of  most  air¬ 
borne  bombing  or  navigational  search  radars  — 


uniform  ground  illumination;  however,  the 
peculiar  functional  requirements  of  any  parti¬ 
cular  search  radar  may  necessitate  an  antenna 
having  a  special  pattern.  Therefore,  it  is  often 

norsasary  for  the  radc~.c  ucaigiict  iu  iiave  aii 

the  details  of  the  antenna  design  prior  to  begin¬ 
ning  the  radome  design.  In  most  cases  the  de¬ 
sign  of  the  radome  and  the  antenna  should  be 
undertaken  concurrently  with  the  two  designs 
coordinated  to  eliminate  incompatible  require¬ 
ments. 


SECTION  B.  ELECTRICAL  REQUIREMENTS 


3-3.  Introduction 

Theoretically,  the  Influence  of  a  radome  on  the 
structure  of  a  radiated  field  can  be  determined 
by  solving  Maxwell’s  electromagnetic  field 
equations  with  the  appropriate  boundary  and 
initial  conditions.  Even  if  this  were  practical, 
which  in  general  it  Is  not,  It  would  still  be  nec¬ 
essary  to  have  available  a  detailed  quantitative 
description  of  the  radar  system  before  the  over¬ 
all  effects  of  the  radome  on  the  performance  of 
the  radar  could  be  determined. 

The  great  variety  of  search  radars  in  exis- 
tance  today  precludes  a  detailed  discussion  of 
all  the  peculiar  radome  problems  that  may  exist, 
and  the  following  discussion  has  been  limited, 
accordingly,  to  a  few  of  the  more  important  ones 
which  are  common  to  conventional  airborne, 
ground-mapping  radars. 

In  Chapter  2  an  analysis  was  made  of  plane, 
linearly  polarized  electro-magnetic  waves 
traversing  idealized  isotropic,  homogeneous 
plane  sheets  of  Infinite  extent.  The  absorption, 
reflection,  and  transmission  coefficients  of  the 
sheets  were  related  to  various  parameters  such 
as  frequency,  polarization,  permittivity,  per¬ 
meability,  dielectric  and  magnetic  loss,  normal 
thickness  of  sheet,  and  the  incidence  angle.  As 
wai)  the  case  for  the  dielectric  sheets,  the  effect 
of  the  radome  on  the  .r-f  field  can  be  related  In 
terms  of  Its  complex  transmission  and  reflec¬ 
tion  characteristics  to  the  same  set  of  para¬ 
meters;  but  in  addition,  the  geometry  of  the 
radome  shape,  Its  structure,  and  Its  physical 
orientation  with  respect  to  the  radiating  sys¬ 
tem  and  other  surrounding  objects  In  space 
must  also  be  known.  One  other  major  point  of 
difference  between  the  Idealized  case  and  the 
radome  is  that  the  idealized  case  was  based  on 
plane  linearly  polarized  waves  traversing  the 
sheets,  whereas  a  radome  interacts  with  a 
field  which  at  best  can  only  be  approximated  by 
a  plane  wave.  Because  of  the  complexity  of  the 


Interaction  between  the  radome  and  the  r-f  field, 
It  Is  difficult  to  relate  specific  radome  para¬ 
meters  to  the  many  indirect  effects  the  radome 
has  on  the  performance  of  the  radar  syBtem;  It 
is  therefore  desirable  to  examine  the  effects 
first  and  then  consider  the  causes. 

3-4.  Range  Reduction  Due  to  Radome 

Range  reduction  Is  probably  the  most  common 
performance  degradation  caused  by  the  radome, 
although  it  is  seldom  the  most  serious.  This 
reduction  can  result  from  the  absorption  of 
power  by  the  radome  or  from  the  redistribution 
of  power  in  the  radiated  field,  or  from  both. 
Usually,  the  latter  cause  has  the  most  noticeable 
effect,  since  In  general  most  radome  wall  mate¬ 
rials  currently  In  use  are  relatively  lossless. 
The  redistribution  of  energy  In  the  field  may 
result  from  phase  perturbations  produced  by 
the  radome,  from  a  high  radome  wall  reflection 
coefficient,  or  from  both.  Generally  tho  phase 
shifts  across  the  beam  are  never  great  enough 
to  produce  more  than  a  few  degrees  deflection 
and,  except  where  beams  having  sharp  maxi- 
mums  are  involved,  beam  deflection  can  usually 
be  considered  secondary  In  terms  of  range  re¬ 
duction.  The  principal  cause  is  usually  a  large 
coefficient  of  reflection,  which  is  evidenced  by 
the  radome  transmission  properties. 

In  addition  It  should  be  mentioned  that  while 
phase  perturbations  produced  by  the  radome 
are  not  usually  a  problem  in  conventional  non¬ 
coherent  search  radars,  there  is  a  family  of 
coherent  radars  that  utilize  phase  and  rate  of 
change  of  phase  (frequency)  information.  This 
latter  group  Is  composed  of  various  dopplcr 
navigation  and  moving  target  indicator  (MTI) 
radars.  Since  all  are  characterized  by  their 
utilization  of  phase  and  frequency  information, 
any  phase  shift  produced  by  the  radome  may  be 
a  source  of  error.  In  general,  however,  phase 
shifts  produced  by  the  radome  are  not  a  problem 
if  the  radome  behaves  isotropically. 
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It  is  only  when  the  phase  shift  Is  a  function  of 
direction  that  It  becomes  a  problem.  Due  to  the 
great  variety  of  coherent  radars,  it  is  Impossible 
to  design  tor  them  as  a  class;  however,  when 
the  particular  requirements  are  known  it  is 
usually  possible  to  design  a  radome  having  the 
required  phase  properties  by  utilizing  design 
techniques  similar  to  those  employed  for  ra- 
domes  where  beam  bending  is  a  major  problem. 
Those  techniques  are  discussed  in  Chapter  4. 

It  is  common  practice  to  measure  the  trans¬ 
mission  characteristics  of  a  radome  in  terms  of 
the  reduction  in  power  density  produced  by  the 
radome  at  various  points  within  the  antenna 
beam  as  a  function  at  the  relative  orientation  of 
the  radome  and  antenna.  To  determine  the  re¬ 
lation  between  range  and  radome  transmissivity 
let 

T2  =  —  (3-9) 

5a 

where  T2  is  the  power  transmission  coefficient 
of  the  radome  as  determined  by  two  measure¬ 
ments:  (1)  the  power  density  Pa,  received  at  a 
fixed  position  in  the  antenna  beam  without  a 
radome  present;  and  (2)  the  power  density  Ph. 
received  at  the  same  point  when  the  radome  is 
properly  installed  about  the  antenna.  It  should 
be  noted  that  T2  is  a  function  of  the  direction 
coordinates  with  respect  to  the  antenna  beam, 
and  also  of  the  orientation  of  the  coordinates  of 
the  radome  with  respect  to  the  antenna.  The 
well-known  radar  range  equations  in  the  absence 
of  a  radome  defines  the  power  PrQ  at  the 
receiver  as 


PqQ2\2<7 

(4«)3  R4 


(3-10) 


where  the  first  quantity  in  parentheses  is  the 
magnitude  of  the  power-  density  at  the  target 
which,  together  with  the  second  quantity  in  pa¬ 
rentheses,  is  the  magnitude  of  the  reflected 
power  density  in  the  vicinity  of  the  receiver. 
The  third  quantity  in  parentheses  is  simply  the 
cross  sectional  area  of  the  receiving  antenna. 
Here  Pq  is  the  total  transmitted  power,  G  is  the 
gain  of  the  antenna  (the  same  antenna  is  used 
for  both  transmitting  and  receiving;  by  recipro¬ 
city,3  the  gain  G  is  the  same  for  both  the  trans¬ 
mitting  and  receiving  functions)  R  is  the  one¬ 
way  range  to  the  target,  •  isthe  effective  scat  - 
tering  cross  section  of  the  target,  and  >.  is  the 
free-space  wavelength  of  the  transmitted  sig¬ 
nal.  Now  if  the  minimum  detectable  power  level 
into  the  receiver  is  designated  as  Pm,  then  the 


maximum  range  Rmo  at  which  a  target  having  a 
cross  section  <’  can  be  detected  is  given  by 


With  the  radome  present,  the  power  will  be 
reduced  by  a  factor  T2  as  it  passes  through  the 
radome  wall  for  both  the  outgoing  and  incoming 
waves.  This  modifies  Equation  (3-10)  so  that 
the  received  power  in  the  presence  of  a  radome, 
Pr,  is  given  by 

Pr  =  T4  Pr0  (3-12) 

Hence  for  the  same  minimum  detectablepower 
Pm  the  maximum  range  in  the  presence  of  the 
radome,  Rm,  is  given  by 

=  T  ^m0  (3-13) 

It  is  apparent  that  the  maximum  range  at  which 
a  particular  target  can  be  detected  is  directly 
proportional  to  the  square  root  of  the  power 
transmission  coefficient  of  the  radome  and  to 
the  fourth  root  of  the  total  power,  Pq,  being 
radiated;  thus  much  of  the  effort  spent  in  de¬ 
veloping  high-power  microwave  oscillators  can 
be  negated  by  a  radome  with  poor  transmission 
properties. 

3  -5.  Magnetron  Frequency  Pulling 

Another  effect  attributable  to  the  radome  is 
so-called  "pulling"  of  the  magnetron.  The 
magnetron,  like  any  oscillator,  has  a  resonant 
frequency  which  is  a  function  of  a  set  of  physical 
parameters  normally  referred  to  as  boundary 
conditions,  and,  as  might  be  expected,  the  ra¬ 
dome  is  one  of  the  parameters.  Furthermore, 
the  effect  of  the  radome  on  the  magnetron  fre¬ 
quency  is  dependent  on  the  relative  positions  of 
the  radome  and  the  antenna.  Thus,  as  the  radar 
antenna  is  sweeping  In  the  azimuth  or  elevation 
direction,  the  r-f  frequency  may  vary  over  a 
perceptible  range. 

To  appreciate  fully  the  effect  of  magnetron 
"pulling"  on  system  performance  requires 
some  knowledge  of  radar  display  techniques. 
One  method  that  is  used  to  present  an  instan¬ 
taneous  ground  map  is  the  Plan  Position  indicator 
(PP1)  display.4  In  the  PPI  display  the  ground 
map  is  painted  on  the  face  of  a  cathode-ray  tube, 
using  a  polar  coordinate  system.  The  electron 
beam  is  deflected  radially  from  near  the  center 
of  the  tube  out  to  the  periphery  with  the  time 
base  of  the  sweep  being  proportional  to  range. 
During  the  sweep,  which  is  synchronized  with 
the  pulse  repetition  frequency  (PRF)  of  the 
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radar,  the  Intensity  of  the  electron  beam  is  mo  ¬ 
dulated  as  a  function  of  the  amplitude  of  the  re¬ 
turning  radar  signal.  In  addition,  the  angular 
orientation  of  the  radial  sweep  about  the  center 
of  the  tube  is  related  directly  to  the  azimuthal 
position  of  the  antenna.  As  the  antenna  sweeps 
in  azimuth,  a  picture  of  the  ground  is  simulta¬ 
neously  painted  on  the  cathod-ray  tube. 

The  radar  signal  must  be  amplified  to  provide 
the  signal  strength  required  to  modulate  the 
accelerating  voltage  of  the  electron  beam.  Since 
it  is  Inconvenient  to  do  this  at  the  transmitted 
frequency,  the  Information  signal  is  transferred 
to  a  carrier  at  an  Intermediate  carrier  frequency 
(i-f)  and  then  amplified  and  demodulated.  The 
intermediate  carrier  frequency  is  obtained  by 
mixing  the  returning  radar  signal  with  a  o-w 
(continuous-wave)  signal  of  slightly  higher  or 
lower  frequency,  called  the  local  oscillator  (LO). 
By  summing  the  LO  signal  and  the  returning 
radar  signal,  the  1-f  carrier  is  obtained  at  the 
difference  frequency.  If  the  local  oscillator  is 
tuned  to  a  fixed  frequency,  any  change  in  the 
magnetron  frequency  due  to  reflections  will  pro¬ 
duce  a  corresponding  change  in  the  i-f  carrier. 

If  the  bandwidth  of  the  1-f  amplifier  is  less  than 
the  bandwidth  of  the  frequency  variations  pro¬ 
duced  by  the  radome,  some  of  the  return  signal 
Information  will  be  lost.  This  effect  may  be¬ 
come  noticeable  In  the  PPI  display  by  the 
absence  of  known  targets. 

Variation  of  the  magnetron  frequency,  caused 
by  radome  reflectlonor  otherwise,  may  be  com¬ 
pensated  by  variation  of  the  LO  frequency  with 
automatic  frequency  control  (AFC).  An  AFC 
la  an  electronic  servomechanism  that  tunes  the 
local  oscillator  In  such  a  way  that  the  proper 
difference  frequency  between  it  and  the  magne¬ 
tron  la  maintained.  The  speed  of  the  tuning  can 
usually  be  made  great  enough  to  follow  any 
pulling  of  the  magnetron  that  may  occur  during 
the  scanning  cycle.  However,  the  response  of 
the  AFC  Is  not  Instantaneous  and  extreme  situ¬ 
ations  may  arise  in  which  the  magnitude  or  phase 
of  the  reflection  changes  so  rapidly  that  the  AFC 
cannot  compensate.  Also,  compensation  cannot 
be  achieved  if  the  magnetron  frequency  pulling 
is  so  great  that  the  electronic  tuning  range  of 
the  LO  Is  exceeded.  These  limitations  on  the 
use  of  AFC  serve  to  emphasize  the  necessity  of 
minimizing  reflections  from  the  radome. 

The  phenomenon  of  pulling  can  be  related 
directly  to  the  phase  and  amplitude  of  the  standing 
wave  in  the  line  being  fed  by  the  magnetron.!*  To 
minimize  It,  direct  reflections  from  the  radome 
back  Into  the  antenna  should  be  minimized. 
Radomes  presenting  large  areas  normal  to  the 
beam  of  the  antenna  (so-called  "normal-inci¬ 


dence  radomes")  will  in  general  produce  more 
pulling  then  streamlined  radomes  where  the 
reflected  energy  Is  not  directed  back  into  the 
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pointed  radomes,  the  reflection  coefficient  of 
the  walls  is  large  enough  to  produce  secondary 
and  tertiary  reflections  that  reach  the  antenna 
and  produce  pulling. 

Since  the  degree  of  pulling  produced  by  any 
radome- radar  combination  Is  a  function  of  the 
pulling  characteristics  of  the  magnetron  as  well 
as  the  shape,  orientation,  and  transmission 
characteristics  of  the  radome,  there  Is  no  stand¬ 
ard  maximum  allowable  VSWR  which  the  radome 
may  produce.  Each  radar  system  presents  an 
Individual  problem.  However,  the  development 
offcrrlteloadisolatorsdurlngthe  last  few  years 
has  greatly  alleviated  this  problem.6  By  utilizing 
the  nonreciprocal  properties  ol  ferrites  It  has 
become  possible  to  match  the  oscillator  to  a  line 
whose  Impedance  Is  very  nearly  independent  of 
the  radome. 

3-6.  Interference  and  Pattern  Distortion 

Another  common  cause  of  target  obliteration 
is  interference  within  the  antenna  beam  as  a 
result  of  reflections.  Although  these  reflections 
are  more  frequently  from  the  surrounding 
nacelle  structure  than  from  the  radome,  a 
knowledge  of  their  effects  is  a  prerequisite  to 
an  intelligent  choice  of  radome  location  and 
type  of  Installation. 

A  detailed  discussion  of  the  antenna  nacelle 
deBign  and  its  ramifications  is  presented  in 
Chapter  10.  Figures  3-3  and  3-4  depict  the 
e  ssenttals  of  the  interference  problem.  In  Figure 
3-3  the  mechanism  of  reflection  Is  shown  In 
terms  of  Idealized  rays.  Actually  the  field 
structure  in  the  vicinity  of  the  radome  and  the 
aircraft  In  quite  complicated.  However,  the  ray 
analogy  Is  reasonably  satisfactory  at  the  higher 
microwave  frequencies,  where  the  dimension  of 
the  radome  and  aircraft  are  an  order  of  magni¬ 
tude,  or  more,  greater  than  the  wavelength  of 
the  r-f  field.  But  it  Is  this  complexity  of  the 
field  that  allows  for  the  divergence  of  the  main 
beam  rays  and  the  resulting  Interference  pat¬ 
tern  sketched  In  Figure  3-4. 


Significant  beam  distortion  may  also  result  if 
a  portion  of  the  antenna  beam  Is  Intercepted  by 
Internal  structural  members  such  as  ribs  or 
attachment  rings.  This  latter  phenomenon  Is 
sometimes  referred  to  as  edge  diffraction,  but 
actually  the  basic  antenna  pattern  Is  nothing 
more  than  a  specialized  diffraction  pattern  and 
the  Introduction  of  an  obstacle  simply  changes 
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the  pattern.  Moat  of  the  beam  distortion  prob¬ 
lems  arising  from  reflections  and  obstacles  in 
the  beam  n  i-  ■  e  avoided  by  the  proper  choice  of 
antenna  2  dm  and  Installation;  furthermore, 
unwanted  rt.' ‘  .ctlons  can  be  minimized  by  cover¬ 
ing  the  reflecting  surfaces  with  absorbing  mate¬ 
rial.  However,  it  is  rather  futile  to  attempt 
to  remove  interfering  obstacles  from  the  path 
of  the  main  beam  by  covering  them  with  ab¬ 
sorbing  material.  The  absorbing  material  will 
appreciably  reduce  the  scattered  field  from  an 
object,  but  it  does  not  prevent  diffraction  effects 
from  occurring  in  the  region  behind  the  obstacle. 

As  was  noted  in  the  discussion  of  interference 
and  diffraction,  some  of  the  radome’s  degrading 
effects  on  radar  performance  can  be  related 
directly  to  changes  in  the  antenna  beam.  For 
this  reason,  numerous  radome  specifications 


are  written  in  terms  of  allowable  changeB  in 
the  antenna  pattern.  Figure  3-5  shows  the  an¬ 
tenna  pattern  contours  for  an  AN/A  PS-25  an¬ 
tenna  with  and  without  the  radome.  These 
cases  are  representative  of  the  pattern  distor¬ 
tions  produced  by  a  reasonably  good  radome. 
Moat  of  the  differences  in  the  three  patterns 
o£cur  in  the  side  lobes,  although  there  is  a  re¬ 
duction  of  power  in  the  main  lobe  for  the  case 
where  the  antenna  is  oriented  at  40°  in  elevation 
and  55°  in  azimuth  with  respect  to  the  radome. 

The  AN/APS-25  antenna  is  a  24-inch  paraboloid 
which  produces  a  pencil  beam.  The  pattern  cuts 
shown  in  Figure  3-5  weretaken  in  a  plane  con¬ 
taining  the  axis  of  revolution  of  the  paraboloid 
(the  axis  of  symmetry  of  the  beam,  not  to  be 
confused  with  the  axlB  of  mechanical  revolution 
of  the  antenna)  and  parallel  to  the  electric  field 
vector  E.  Such  cuts  are  commonly  referred  to 
as  E-plahe  cuts  or  patterns.  Pattern  cuts  taken 
in  the  axial  plane  perpendicular  to  the  E-plane 
are  calledH-plane  patterns,  since  they  normally 
are  parallel  to  the  magnetic  field  vector  H. 

As  might  be  suspected,  one  of  the  major  prob¬ 
lems  in  determining  radome  distortion  of  the. 
field  pattern  is  due  to  the  difficulty  of  measuring 
the  pattern  for  all  possible  relative  orientations 
of  the  antenna  with  respect  to  the  radome.  When 
the  antenna  beam  and  the  radome  are  axially 
symmetric  and  the  field  is  plane  polarized,  an 
adequate  description  of  pattern  distortion  can  be 
obtained  as  a  function  of  the  offset  angle  be¬ 
tween  the  two  symmetry  axes,  and  as  a  function 
of  the  angle  that  the  electric  field  vector  makes 
with  the  plane  formed  by  the  same  axes.  But 
for  the  more  usual  case  where  the  radome  or 
the  antenna,  or  both,  are  asymmetrical,  the 
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problem  of  determining  the  method  of  testing  system  under  consideration.  One  important 

can  be  an  sizable  as  the  design  problem  Itself.  feature  to  be  remembered  when  contemplating 

antenna  pattern  distortion  measurements  is  the 
Some  of  these  problems  are  dead  with  In  desirability  of  determining  the  effects  of  the 

Chapter  12;  however,  most  testing  procedures  radome  In  the  presence  of  the  surrounding 

have  to  be  developed  In  terms  of  the  particular  bulkhead  and  nacelle  structure. 
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3-7.  Design  Criteria 

In  the  design  of  ground-based  and  shipborne 
radomes,  the  shape  is  normally  chosen  on  the 
basis  of  optimum  electrical  performance.  In 
the  case  of  airborne  radomes,  it  Is  generally 
optimized  aerodynamlcally.  As  B.  result,  many 
of  today's  aircraft  radomes  bear  a  strong  re¬ 
semblance  to  an  Icicle,  both  In  terms  of  outward 
appearance  and  In  terms  of  their  optical  and 
electrical  properties.  In  fact,  the  optical  dis¬ 
tortion,  which  may  be  observed  when  looking 
through  a  right  circular  cone  of  glass  from  the 
base  toward  the  apex,  is  In  essence  the  type  of 
distortion  that  has  to  be  corrected  In  the  design 
of  extremely  hlgh-ftneness  ratio  radomes. 
Since  shape  Is  such  an  Important  factor  in  ra- 
dome  design,  it  has  been  found  convenient  to 
classify  radomes  electrically  on  that  baBls; 
thus  radomes  are  frequently  referred  to  aB 
being  either  "normal-incidence"  radomes  or  • 
"streamline"  radomes.  The  former  are  Iden¬ 
tified  by  the  fact  that  all  or  most  of  the  area 
Illuminated  Is  approximately  normal  to  the 
beam,  and  therefore  their  transmission  proper¬ 
ties  are  similar  to  those  exhibited  by  plane  di¬ 
electric  sheets  when  traversed  by  plane  waves 
normal  to  the  surface.  Streamline  radomes,  as 
the  name  Implies,  have  large  fineness  ratios 
(the  ratio  of  length  to  base  diameter),  usually 
3:1  or  greater. 

If  permitted  to  express  a  preference  In  regard 
to  size  and  shape,  an  Individual  responsible 
solely  for  the  electrical  characteristics  of  a 
radome  would  normally  choose  a  spherical 
radome  with  a  radius  of  curvature  as  large  as 
could  be  conveniently  tolerated  and  with  the  an¬ 
tenna  glmbal  point  (the  point  of  intersection  of 
the  glmbal  axes)  located  at  the  center  of  the 
sphere.  Rarely  Is  It  possible  to  surround  the 
antenna  with  a  spherical  radome;  hence,  the 
next  best  step  is  to  make  spherical  as  much  of 
the  radome  surface  as  can  be  permitted.  One  of 
the  simpler  radome  configurations  is  composed 
of  a  hemisphere  and  right  circular  cylinder,  as 
shown  In  Figure  3-8.  The  reasons  for  choosing 
a  large  spherical  radome  are  rather  obvious. 
First,  if  the  antenna  is  gimbaled  about  a  point, 
or  even  two  axes  which  are  separated  only 


slightly,  the  effect  of  the  radome  can  be  made 
entirely  symmetrical;  that  is,  there  is  no  pre¬ 
ferred  direction,  assuming  the  radome  wall  Is 
electrically  uniform,  Second,  If  the  radius  of 
the  spherical  section  is  an  order  of  magnitude 
or  more  greater  than  the  wavelength,  the  Inci¬ 
dence  is  nearly  normal  over  the  whole  Illumi¬ 
nated  surface  area.  In  view  of  the  transmission 
properties  discussed  in  Chapter  2  tor  sheets 
traversed  by  plane  waves  at  or  near  normal 
incidence.  It  ts  reasonable  to  expect  power 
transmission  In  the  vicinity  of  05  to  98  percent 
for  relatively  low-loss  dielectric  wall  construc¬ 
tions.  Although  spherical  or  hemispherical 
radomes  afford  the  simplest  solution  to  many 
electrical  design  problems,  normal  Incidence 
characteristics  can  be  undesirable  If  the  radar 
system  ts  particularly  sensitive  to  direct  re¬ 
flections  from  the  radome.  As  mentioned  pre¬ 
viously,  proper  design  of  the  radar  system  to 
include  ''load  Isolators"  In  combination  with 
proper  radome  wall  design  can  eliminate  this 
cause  of  Bystem  malfunctioning.  Unfortunately 
the  use  of  a  spherical  radome  which  is  much, 
much  larger  than  the  antenna  aperture  Is  seldom 
feasible  In  airborne  systems. 

3-8.  General  Requirements 

Streamlined  radomes  usually  represent  a  com¬ 
promise  between  electrical  and  aerodynamic 
design  considerations.  However,  by  carefully 
evaluating  the  required  radome  performance 
characteristics,  it  is  generally  possible  to 
achieve  a  design  configuration  compatible  with 
most  of  the  requirements.  It  is  difficult  to  out- 
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tine  a  specific  approach  to  all  such  problems, 
but  there  are  two  basic  steps  that  should  be 
considered  as  prerequisites  to  beginning  the 
actual  design. 

First,  the  various  radome  requirements  should 
be  weighted  in  terms  of  their  relative  importance. 
Although  this  sounds  relatively  simple,  it  Is 
frequently  the  most  difficult  design  task.  As 
an  example,  consider  the  design  of  an  aerial 
search  and  fire  control  radome  which  Is  to  be 
mounted  on  the  nose  of  an  aircraft  whose  func¬ 
tion  is  intercepting  supersonic  bombers.  If  the 
aircraft  requires  a  streamlined  radome  to  be 
supersonic,  the  accuracy  requirement  of  the 
search  and  fire  control  radar  and  Its  surrounding 
radome  would  probably  be  secondary  to  the 
streamlining  requirement.  Actually,  an  accep¬ 
table  compromise  must  be  found  which  will 
satisfy  both  aerodynamic  and  electrical  require¬ 
ments,  and  thus  enable  the  weapons  system  to 
perform  its  mission. 

After  all  the  requirements  are  properly 
weighted,  the  next  design  step  is  the  concurrent 
choice  of  radome  shape  and  wall  construction. 
It  is  important  to  note  that  they  are  not  indepen¬ 
dent.  To  illustrate  tilts  point,  consider  the  prob¬ 
lems  attendant  to  tint  choice  of  the  shape  and 
wall  construction  for  the  search  and  fire  control 
interceptor  radome  just  discussed.  Let  It  be 
assumed  that  to  satisfy  the  velocity  requirement 
of  the  aircraft  a  cone  having  an  Included  angle 
at  the  apex  of  30°  is  recommended.  As  shown 
in  Figure  3-7  for  the  case  where  the  antenna 
looks  out  the  apex,  all  the  Incidence  angles  will 
be  75°  on  the  basis  of  ray  geometry,  As  the 
antenna  Is  directed  away  from  the  position 
shown,  the  Incidence  angles  Increase  on  one 
side  of  the  radome  and  decrease  on  the  side  to¬ 
ward  which  the  antenna  is  turning.  Depending 
on  the  relative  sizes  of  the  antenna  and  the 
radome,  the  range  of  incidence  angles  will  vary 
from  above  75°  down  to  normal  Incidence  when 
the  antenna  is  rotated  75°.  The  radome  design 
thus  presents  a  difficult  problem  in  terms  of 
either  the  search  or  the  fire  control  require¬ 
ments  of  the  enclosed  radar.  The  search  func¬ 
tion  would  normally  place  stringent  requirements 
on  radome  transmission,  and  the  fire  control 
operation  would  require  that  radome  beam  re¬ 
fraction  be  minimized  or  eliminated.  Further¬ 
more,  on  an  aircraft  of  the  Interceptor  variety, 
the  weight  of  the  radome  would  be  of  prime  Im¬ 
portance.  The  problem  Is  therefore  to  find  a 
type  of  radome  wall  which  will  satisfy  the  elec¬ 
trical  requirements,  allow  for  a  30°  conical 
shape,  and  be  light  in  weight. 

3-9.  Electrical  Requirements 

In  terms  of  the  electrical  requirements,  a 
prudent  choice  might  be  a  solid  wall,  approxl- 
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mately  a  half -wavelength  thick.  Examples  of 
solid-wall  electrical  characteristics  are  given 
in  Figures  3-8  and  3-9.  The  curves  shown  are 
calculated  from  equations  developed  In  Chapter 
2  for  the  transmission  of  plane  linearly  polarized 
waves  through  plane  homogeneous,  lossless, 
isotropic  dielectric  sheets  of  infinite  extent.  In 
Figures  3-8  and  3-9  the  normal  sheet  thickness 
d,  normalized  in  terms  of  free-space  wavelength 
\  ,  is  plotted  versus  the  incidence  angler,  in 
degrees,  for  the  case  where  the  conductivity  is 
zero,  the  relative  permeability  is  unity,  the  re¬ 
lative  dielectric  constant  Is  4,  and  for  the  plane 
of  polarization  perpendicular  (Figure  3-8)  and 
parallel  (Figure  3-9)tothe  incidence  plane.  The 
dashedllnes  areplots  of  dA  versus  o  for  con¬ 
stant  percentage  values  of  transmitted  power; 
the  solid  lines  are  for  constant  values  of  In¬ 
sertion  phase.  The  term  ''Insertion  phase" 
refers  to  the  phase  retardation  of  the  wave 
traversing  the  dielectric  sheet  relative  to  what 
it  would  have  been  at  a  point  beyond  the  sheet  if 
the  sheet  had  not  been  present.  An  examination 
of  the  phase  and  transmission  characteristics  of 
Figures  3-8  and  3-9  reveals  that  for  all  values 
of  0  less  than  90°  there  is  a  value  of  dA  for 
which  it  is  theoretically  possible  to  obtain  100 
percent  transmission  (lossless  case).  Further¬ 
more,  the  insertion  phase  Is  the  same  for  both 
polarizations  when  the  transmission  is  100  per¬ 
cent.  Thus  it  might  be  possible  —  a  little 
sophistry  may  be  required  —  to  design  an  elec¬ 
trically  satisfactory  radome  by  properly  choos¬ 
ing  the  radome  wall  thickness  on  the  basis  of  a 
thorough  investigation  of  incidence  angles  and 
polarization.  However,  a  solid-wall  radome  is 
not  particularly  desirable  In  terms  of  its 
strength-to-weight  ratio.  A  better  choice  in  this 
respect  would  be  the  conventional  "A"  sandwich 
construction  described  In  Chapter  2.  The  curves 
shown  In  Figures  3-10  and  3-11  are  similar  to 
those  shown  for  the  case  of  a  single  wall  In 
Figures  3-8  and  3-9  except  that  they  are  plotted 
in  terms  of  normalized  core  thickness,  dcA, 
versus  o ,  for  constant  normalized  skin  thickness 
daA  of  0.024,  a  core  dielectric  constant  ec  of 
1,2,  and  a  skin  dielectric  constant  ec  of  4.3 
(both  relative). 
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From  Figures  3-10  and  3-11  It  can  be  deter¬ 
mined  that  In  the  vicinity  of  e  equal  to  76°  a 
value  oi  d c/\  does  not  exist  which  will  provide 
100  percent  transmission  for  both  polarizations, 
Also  the  Insertion  phase  is  a  function  of  polari¬ 
zation  for  all  values  of  dcA  when  e  la  greater 
than  zero.  Thus,  for  htgh-incidence'-angle 
radomes,  the  choice  of  an  "A"  sandwich  con¬ 
struction  is  not  entirely,  if  at  all,  compatible 
with  requirements  for  good  transmission  and 
low  boresight  errors  (beam-refraction  errors). 
But  bad  as  the  "A"  sandwich  electrical  charac¬ 
teristics  may  be  at  extremely  high  incidence 
angles  (below  80°  the  transmission  and  phase 
properties  are  very  good),  an  appreciable  saving 
in  weight  can  be  achieved  by  its  use. 

3-1°.  Weight  Factor 

If  the  surface  area  of  the  radomels  denoted  by 
S,  Its  thickness  by  d,  and  the  density  of  the  wall 
by  p  ,  then  the  weight,  W,  can  be  approximated  by 


W  =  Spd 


(3-14) 


Now  the  density  ps,  oi  glass  fiber  laminate 
having  a  relative  dielectric  constant  of  4.3  is 
approximately  100  pounds  per  cubic  foot  and  the 
density  pc  of  alkyd-isocyanate  foam  havinga 
dielectric  constant  of  1.2  is  about  20  pounds  per 
cubic  foot.  On  the  basis  of  Figures  3-8  and  3-9, 
it  is  reasonable  to  choose  a  normalized  wall 
thickness  where  dA  equals  0.285  to  achieve 
good  transmission  out  to  incidence  angles  of  75° 
or  more.  Therelore  the  weight  Wg,  in  pounds 
of  the  solid-wail  glass  fiber  radome,  with  the 
aid  of  Equation  (3-14),  will  be 


W_  =  28.5XS 


(3-15) 


where  the  product  \S  is  in  cubic  feet.  Referring 
to  Figures  3-10  and  3-11,  there  are  several 
choices  of  core  thickness,  dc/\  ,  that  satisfy 
the  requirements  used  in  obtaining  Equation 
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',3-15).  However,  to  simplfy  the  matter,  let  the  weight  In  pounds  of  the  sandwich  radome  Is  ap- 

cholce  of  dc/v  be  premised  on  the  additional,  proximated  by 

but  arbitrary,  restriction  that  the  polarization 

it. r.curly  tha  t^r(Hon(*o  W  .  =14.2aS  ( 3  —  1  fit 

plane  than  parallel;  a  value  of  dcA  equal  to 

0.460  would  therefore  appear  to  be  a  realistic  For  a  conical  radome  having  a  length  of  6  feet 

choice.  Since  the  curves  are  based  upon  a  and  an  included  angle  of  30  ,  the  surface  area 

parametric  value  of  dsA  equal  to  0.024,  the  would  be  about  31  square  feet.  For  a  wavelength 
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of  0.1  foot,  the  weight  of  the  solid  radome  would 
be  approximately  88  pounds,  or  about  44  pounds 
heavier  than  the  "A"  sandwich  radome. 

It  would  seem  reasonable  to  investigate  the 
possibility  of  usinc  an  "A”  sanduiteh  wa!!  and 
to  determine  whether  the  attendant  reduction  in 
weight  would  be  sufficient  to  offset  the  perfor¬ 
mance  penalty  resulting  from  the  change  in 
shape  required  to  make  the  radome  electrically 
satisfactory.  The  radome  shape  which  was 
originally  chosen  solely  on  the  basis  of  aircraft 
aerodynamic  requirements  should  also  be  con¬ 
sidered  as  a  function  of  the  wall  construction. 

It  should  be  mentioned  that  although  the  pre¬ 
vious  example  was  chosen  principally  for  the 
purpose  of  Illustrating  the  need  for  concurrence 
In  radome  shape  and  wall  structure  design,  it  Is 


also  representative  of  the  type  of  problem 
encountered  in  radome  design. 

One  other  facet  governing  the  choice  of  radome 
shape  Is  the  ease  with  which  the  chosen  shape 
lends  itself  tu analysis.  In  the  following  sections 
of  this  chapter  the  problems  associated  with 
making  theoretical  determinations  of  the  effects 
of  the  radome  are  discussed.  After  considering 
these  problems,  it  becomes  quite  apparent  that 
radome  geometry,  If  properly  chosen,  can 
greatly  simplify  the  analysis  problem.  In 
particular,  it  is  especially  helpful  if  both  the 
radome  and  the  antenna  are  figures  of  revolu¬ 
tion.  Furthermore,  it  Is  also  helpful  if  the 
shape  of  the  radome  is  that  of  a  conic  section. 
However,  the  aspect,  of  convenience  in  the  choice 
of  shape  should  not  be  considered  fundamental 
to  the  design  problem. 


SECTION  D.  INCIDENCE  ANGLE  STUDY 


3-11.  Preliminary  Considerations 

Once  the  radome  shape  and  wall  construction 
have  been  tentatively  chosen,  the  next  design 
step  Is  to  undertake  a  preliminary  evaluation  of 
radome  performance.  To  accomplish  this  it  is 
necessary  to  have  available  design  data,  either 
experimental  or  theoretical,  on  the  amplitude 
transmission  properties  (and  phase  also,  if 
beam  distortion  Is  of  interest)  of  the  wall  struc¬ 
ture  being  considered.  If  the  wall  structure  la 
conventional,  utilizing  low-loss  materials,  then 
curves  such  as  those  shown  In  Figures  3-8  through 
3-11  will  usually  suffice.  If  the  wall  structure 
is  not  Isotropic  or  homogeneous,  then  experi¬ 
mental  curves  of  power  transmission  and  In¬ 
sertion  phase  should  be  obtained  as  a  function 
of  sheet  thickness,  frequency,  Incidence  angle, 
and  polarization  for  plane  sheet  samples  Il¬ 
luminated  with  a  plane  wave  front.  (In  making 
experimental  measurements  of  the  complex 
transmission  coefficient  of  plane  sheets,  care 
must  be  exercised  to  Insure  that  the  wave  front 
is  sufficiently  plane  and  the  sheet  Is  sufficiently 
large  to  minimize  diffraction  effects.)  If  the¬ 
oretical  curves  are  used  which  are  based  on 
lossless  dielectric  material,  an  allowance  must 
be  made  for  losses.  For  half-wave  or  "A"  sand¬ 
wich  rariomes  wit-i  wall  materials  having  loss 
tangents  of  0.02  or  less  and  where  the  maximum 
incidence  angles  are  less  than  50°,  the  reduction 
in  power  transmit. '.‘ci  will  be  about  5  percent  or 
less.  (See  Figures  2-9  and  2-18  through  2-21.) 

It  should  be  carefully  noted  that  the  usefulness 
of  the  theoretical  and  experimental  data  on  the 
transmission  of  plane  waves  through  plane  sheets 


depends  entirely  on  the  approximation  that  the 
radius  of  curvature  of  the  radome  wall  is  large 
compared  to  the  wavelength  of  the  incident  field. 
When  this  Is  true,  It  is  reasonable  to  assume 
that  each  small  area  on  the  radome  being  Il¬ 
luminated  Is  essentially  a  plane  sheet.  Thus  by 
relating  the  various  Incremental  areas  on  the 
radome  surface  to  the  parameters  of  polariza¬ 
tion,  frequency,  and  Incidence  angle  It  is  pos¬ 
sible  to  choose  a  local  wall  thickness  that  will 
optimize  the  transmission  properties  for  the 
particular  area  being  considered.  In  many 
cases,  however,  an  average  uniform  wall  thick¬ 
ness  can  be  chosen  that  will  satisfy  the  design 
requirements  over  the  whole  radome  surface 
for  all  antenna  orientations. 

Although  simple  Inprinciple,  the  determination 
of  the  Incidence  angles  and  the  orientation  of  the 
polarization  vector  as  a  function  of  the  relative 
position  of  the  antenna  with  respect  to  the  radome 
becomes  quite  complicated  In  detail  due  to  an¬ 
tenna- radome  geometry.  Occasionally  when 
the  antenna  beam  is  well  collimated  and  the 
aperture  is  small  in  comparison  with  the  dia¬ 
meter  of  the  radome,  it  is  sufficient  to  consider 
the  central  ray  as  being  representative  of  the 
bundle  of  parallel  rays.  Thus  each  incremental 
area  of  radome  surface  has  only  a  single  inci¬ 
dence  angle  associated  with  It.  More  frequently, 
It  is  necessary  to  consider  the  beam  both  in 
terms  of  its  finite  cross  sectional  area  and  its 
divergent  properties.  The  latter  consideration 
la  particularly  Important  in  Incidence  angle 
studies  involving  antennas  having  broad  beams 
in  at  least  one  plane.  The  cosecant-squared 
pattern  used  for  uniform  ground  illumination  is 
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a  good  example  of  an  antenna  pattern  that  re¬ 
quires  consideration  of  the  beam’s  divergent 
nature. 

It  is  convenient  to  divide  radomes  Into  two 
classes  for  purposes  of  making  Incidence  angle 
studies.  One  classification  refers  toall  radomes 
that  can  be  studied  by  analytical  means;  the 
other,  which  unfortunately  includes  moat  ra¬ 
domes,  refers  to  those  requiring  graphical  meth¬ 
ods  of  attack.  For  convenience  the  former  may 
be  designated  as  analytic  and  the  latter  as  non- 
analytlc  radomes.  Actually  the  Incidence  angle 
study  of  any  radome  problem  could  probably  be 
handled  either  analytically  or  graphically;  how¬ 
ever,  when  the  radome  is  a  figure  of  revolution, 
and  particularly  when  its  contour  is  a  conic 
section,  analytical  methods  of  computing  inci¬ 
dence  angles  are  quite  convenient.  For  the 
riiore  general  case  where  the  radome  contour  is 
described  in  terms  of  loft  lines  (curves  formed 
by  the  intersection  between  a  family  of  parallel, 
arbitrarily  spaced  planes  and  the  surface  of  a 
geometrical  llgure  of  interest),  graphical  meth¬ 
ods  are  usually  more  convenient.  It  might  be 
noted  that  although  the  lofting  contours  may  not 
be  given  exactly  In  terms  of  analytic  functions, 
they  can,  through  curve-fitting  techniques®  be 
representedanalytically.  Thusit  is  occasionally 
worthwhile  to  obtain  an  approximate  analytic 
representation  to  a  lofted  radome,  particularly 
if  it  is  easily  represented  in  terms  of  simple 
functions. 


3-12.  Analytical  Determination  of  Incidence 
Angles 

As  an  example  of  the  procedure  to  be  followed 
in  making  an  analytical  determination  of  inci¬ 
dence  angles,  consider  the  radome  depicted  by 
Figure  3-12.  Let  the  surface  be  represented  by 

F(x,y,  z)  *=  0  (3'17> 

and  let  the  origin  of  the  x-,  y-,  z-coordlnate 
frame  be  coincident  with  the  origin  of  the  xj-, 
yj-,  zi-frame.  Furthermore  it  will  be  assumed 
that  the  antenna  is  a  circle  whose  axis  of  sym¬ 
metry  is  the  zj-axis  and  whose  aperture  is  in 
the  plane  Xj-yi,  that  the  direction  of  propagation 
of  the  radiated  field  is  defined  by  the  unit  vector 
p,  and  that 

£  -  izt  (3-18) 

where  ig,  is  a  unit  vector  parallel  to  thezj-axls. 
In  other  words  It  is  assumed  that  the  antenna 
aperture  is  large  and  produces  a  well-collimated 
beam  circular  In  cross  section  and  propagating 
in  a  direction  normal  to  the  aperture.  If  the 
radiation  from  the  aperture  is  assumed  to  be 
divergent  as  in  the  case  of  a  shaped  beam  an¬ 
tenna,  more  recondite  methods  of  analysis  must 
be  used,* 

♦See  Section  8.14,  p.  464,  of  Reference  3. 
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Since  the  radome  is  assumed  to  be  a  figure  of 
i  evolution,  the  coordinates  of  a  point  on  Its  sur¬ 
face  satisfy  the  relation 


z  =  z 


z  (r) 


(3-19) 


where  r  is  the  normal  distance  from  a  point  on 
the  surface  to  the  z-axis,  and 


F(x,y,z)  =  z  -  z 


(FF) 


(3-20) 


For  example,  if  the  radome  surface  Is  conical 
z  =  m  Jx2  +  y2  +  b  =  mr  +  b  (3-21) 
F  (x,  y,  z)  -  z  -  m  ,/x2  +  y2  +  b  »  0  (3-22) 


Because  of  the  symmetry  of  the  radome  and 
the  antenna,  there  Is  no  preferred  plane  In  which 
to  rotate  the  antenna  with  respect  to  the  radome. 
The  orientation  of  the  polarization  of  the  field 
Is  normally  constant  with  respect  to  one  of  the 
antenna  glmbal  axes;  therefore,  If  only  one  axis 
of  antenna  rotation  is  assumed,  It  is  necessary 
and  sufficient  to  Investigate  the  behavior  of  the 
radome  as  a  function  of  both  antenna  rotation 
and  polarization. 


'Let  the  single  axis  of  antenna  rotation  be  the 
yj  axis,  Hence 

yj  =  y  (3-23) 

and 

P  =  lx  sin  o  +  ij,  cos  o  (3-24) 

where  ix  and  ly  are  unit  vectors  parallel,  res¬ 
pectively,  tothe  x-  andy-axes.and  I  Is  the  angle 
between  the  Zj-  and  z-axes, 

Now  the  incidence  angle  e,  on  an  Incremental 
element  of  radome  of  surface  AS  having  position 
coordinates  x,  y,  and  z,  is  defined  by 

o  =  cos-1  (n  •  p)  (3-25) 


where  n  is  the  outward  directed  unit  normal 
vector  to  the  surface  at(x,  y,  z).  The  unit  vector 
n  has  Its  direction  defined  by  the  gradient  of  the 
iurface  function  F  (x,  y,  z),  which  is  given  by 
Equation  (3-20).  Hence 


n  = 


VF  (x,y,  z) 

I  v  f] 


(3-26) 


If  Equation  (3-26)  is  expanded  in  terms  of  Its 
rectangular  components,  then  by  substitution 
the  expression  for  S  may  be  written  as 


Thus  by  solving  the  right  side  of  Equation 
(3-27)  it  is  possible  to  determine  the  incidence 
angle  at  a  specific  point  (x,  y,  z)  on  the  surface 
as  a  function  of  the  angular  position  a  of  the 
antenna.  However,  Equation  (3-27)  does  not 
retail  let  iiie  incidence  aiigleb  to  Only  ihusc  uiit 
actually  occur  when  the  point  of  interest  Is  being 
illuminated  by  the  antenna.  This  latter  restric¬ 
tion  can  be  obtained  for  the  case  of  a  nondiver- 
gent  beam  by  solving  both  x  and  y  explicitly  in 
terms  of  xi  and  yi  and  substituting  the  resultant 
expressions  for  x  andy  into  Equation  (3-27). 

To  recapitulate,  In  Equation  (3-27),  the  inci¬ 
dence  angle  0  is  expressed  as  a  function  of  the 
coordinates  of  a  point  on  the  radome  surface 
(x,  y)  and  the  antenna  orientation  angle  a  .  The 
z-dependencewas  eliminated  by  Equation  (3-20), 
which  merely  requires  that  the  point  He  on  the 
radome  surface.  Now  we  wish  to  express  &  as 
a  function  of  the  anten-r  aperture  coordinates 
(x{,  yt)  and  the  orientation  angle  a  .  From  the 
geometry  of  Figure  3-12 


and 


x  =  z  tan  a  +  Xj  sec  a 


(3-28) 


y  =  yt  (3-29) 

The  specific  radome  shape,  as  defined  by 
Equation  (3-20),  Is  substituted  for  z  In  Equation 
(3-28).  The  resulting  equation  for  x  and  Equa¬ 
tion  (3-29)  for  y  are  substituted  into  Equation 
(3-27),  In  this  manner,  the  incidence  angle 
may  be  expressed  as 

e  =  o  (a,  xj,  yj)  (3-30) 

By  tabulating  e  for  all  values  of  xj  and  yj  as 
limited  by  the  boundary  of  the  antenna,  the  In¬ 
cidence  angles  maybe  determined  for  all  values 
of  a  of  intorest.  Again  it  should  be  emphasized 
that  the  above  comments  are  limited  by  the  re¬ 
strictive  assumptions  stated  in  connection  with 
Equation  (3-18), 

An  alternate  method  for  arriving  at  Equation 
(3-30)  proceeds  as  follows:  From  Equation 
(3-20) 

F(x,y,z)  -  z  -  z  (yX2  +  y2^  =  0  (3-31) 

From  Figure  3-12, 


B  =  cos 


-1 


dZ 

— -  sin  a  +  cos  a 
3X 


0  *(if)2  * ■. 


-1/2 


(3-27) 


x(Xj,  Zj,  a) 

=  Xj  COS  a  +  Zj,  sin  a 

(3-32) 

y  ■  yi 

(3-33) 

z(xi,  Zi,  a) 

«  -  Xj  sin  a  +  Zj  COS  a 

(3-34) 
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Substituting  Equations  (3-32),  (3-33),  and 

(3-34)  into  Equation  (3-20)  yields 

Fj(xi,  yi,  zi,  n)  =  0  (3-35) 

which  defines  the  .nuOiuc  riu»ye  in  iiie  antenna 
coordinates  (xi,  y,(  zj).  As  in  Equation  (3-28), 

„  VFi 

5  K|  <3-36> 

Then 

cos  0  =  n  .  £  (3-37) 

which  is  a  function  of  xi,  yj,  zi,  and  a,  but  the 
Zfdependence  is  eliminated  by  using  Equation 
(3-35),  The  result  is  Equation  (3-30). 


Rlgora  I'M,  V»c(or  Ralationthipt  at  Radama  Surtaea 


Since  any  general  form  of  elliptical  polarization 
can  be  represented  by  two  linear  components 
orthogonal  in  space,  it  will  be  sufficient  to  dem¬ 
onstrate  the  procedure  in  terms  of  a  single 
linear  component  polarization  normal  to  the 
propagation  vector  £.  If  e  is  defined  by 

e  =  iXj  cos  o  +  iyj  sin  <i>  (3-38) 

where  iXj  and  are  unit  vectors  parallel,  re¬ 
spectively,  to  the  Xi  and  Yj  axes,  and  <t>  is  the 
angle  between  e  and  lxj,  it  is  then  possible  to 
simulate  with  a  single  axis  of  antenna  rotation 
all  the  relative  radome  and  antenna  positions 
that  would  be  obtained  using  two  axes  of  rotation 
with  fixed  polarization. 


Transmission.  If .  it  is  desired  to  determine 
the  transmission  through  an  Incremental  area, 
A  S,  it  is  necessary  to  know  the  angle  £  the 
polarization  vector  makes  with  the  incidence 
plane  as  well  as  the  incidence  angle  9.  The 
Incidence  plane  is  defined  as  the  plane  con talning 
the  vectors  n  and  p.  Let  l.i  and  be  unit 
vectors  (both"  perpendicular  To  £)  parallel  and 
perpendicular  respectively  to  the  incidence 
plane,  as  shown  in  Figure  3-13.  Also  refer  to 
Figures  2-1,  2-2,  and  2-24  of  Chapter  2.  Thus 


and 


1||  '  E  *  U  (3-40) 


For  the  case  of  an  incident  wave  linearly  po¬ 
larized  at  an  angle  £  with  respect  to  the  inci¬ 
dence  plane,  the  effective  complex  transmission 
coefficient  ie  given  by  Equation  (2-91)  of  Chapter 
2  as 

T0  =  T||  cos2  f  +  Tx  sin2  £  (3-43) 

A  good  approximation  to  the  over-all  trans¬ 
mission  properties  of  the  radome  can  be  ob¬ 
tained  by  simply  summing  the  product  |  Tq  Et| 
over  xj  and  y,  for  all  values  of  a  anddividihgby 
the  sum  of  |E,j.  Hence,  if  T2  Is  the  approximate 
power  transmission,  then 

T2(a)  T2(a)  « 

/*»  fb  (3-44) 

J  a  J-b  t0(a,Xi,yi)  ^i(xiyi)  dx|  dyt 

dxt  dyt 

where  a  and  b  are  the  extremities  of  the  antenna 
aperture.  It  should  be  emphasized  that  the  ex¬ 
pression  givenfor  T2  (a)  in  Equation  (3-44)  is 
only  a  first  approximation  to  radome  trans¬ 
mission  efficiency,  and  as  such  is  not  Intended 
for  use  in  problems  where  beam  distortion  is 
being  calculated.  Methods  of  predicting  the 
Utter  phenomena  are  discussed  in  detail  in 
Chapter  4. 


As  discussed  in  Equation  (2-84)  of  Chapter  2, 
the  transmitted  electric  field  may  be  resolved 
into  Its  parallel  and  perpendicular  components 

fit  “  fit  ll  +  it, |  1||  (3-41) 


The  analytical  methods  that  have  been  pre¬ 
sented,  although  relatively  simple  in  principle, 
are  not  always  so  in  practice.  For  Instance,  If 
the  contour  of  the  radome  is  an  ogive  where 


-  tx  fi,  +  t,|  fi,|  i|,  (3-42)  F(x,y,z)  *  (z  -  c)2  +  (r  -  d)2  -  R2  -  0  (3-45) 
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then 


z  =  -  (jx^  +  -  dV  +  c 

_ \  / 

where  r  •JFT  la  the  radius  at  the  axial 
station  point  z,  and  where  c,  d,  and  R  are  con¬ 
stants  of  the  ogive.  Equations  for  other  shapes 
are  given  in  Section  G  of  Chapter  2. 

If  the  right  side  of  Equation  (3-4S)  is  substi¬ 
tuted  into  Equation  (3-28),  the  resultant  ex¬ 
pression  is  a  quartic  equation  in  x.  Although  it 
is  possible  to  determine  which  of  the  four  roots 
of  x  are  the  proper  ones  to  use  in  an  analytical 
calculation  of  the  incidence  angles,  the  com¬ 
plexity  of  such  a  calculation  argues  in  favor  of 
utilizing  simpler  and  more  direct  graphical 
methods.  This  is  particularly  true  in  problems 
where  neither  the  radome  nor  the  antenna  has 
axial  symmetry. 

3-13.  Graphical  Determination  of  Incidence 
Angles 

The  simplicity  of  most  graphical  methods  of 
analysis  is  dependent  upon  being  able  to  relate 
conveniently  the  Incidence  angle  to  its  projec¬ 
tion  on  two  perpendicular  planes.  In  Figure  3-14 
the  direction  of  propagation  of  a  ray  is  denoted 
by  the  vector  p,  and  the  Incidence  angle  6  la, 
by  definition,  the  angle  between  the  normal  to 
the  surface  n  and  the  propagation  direction  g. 
Now  two  perpendicular  planes  have  been  joined 
along  the  vector  g.  These  are  designated  planes 
VP  and  HP,  and  the  angles  between  g  and  the 
projections  of  n  on  each  of  the  planes  are  de¬ 
signated  as  <9V“ and# H,  respectively.  In  ad¬ 
dition,  the  polarization  vector  e  In  the  plane 
HV  Is  related  to  the  V  axis  by  the  angle  <t>.  Also 
shown  Is  the  vector  _1  ,  which  is  located  along 


Plgata  1 .14.  latldanea  Atigla  Prafactlm* 


the  Intersection  of  the  incidence  plane  and  plane 
HV.  From  the  geometry  of  Figure  3-14 

tan^f*  =  tan^^y  +  tan2»n  (3-47) 


If  a  is  the  angle  between  _1 ..  and  the  V  axis, 
then 

tan  =  tan  e  sin  a  (3-4B) 

and 


tan«v  =  tan  o  cos  a  (3-49) 


or 


tan  a  => 


tan  o  jj 
tan  0y 


(3-60) 


The  planes  HP  and  VP  are  representative  of 
two  families  of  pianos  that  may  be  related  to 
the  antenna.  Since  many  search  radar  antennas 
are  glmbaled  in  azimuth  about  a  vertical  axis, 
it  la  convenient  to  subdivide  the  antenna  aper¬ 
ture  with  a  number  of  equally  spaced  parallel 
planes  that  are  perpendicular  to  the  antenna 
aperture  and  parallel  to  the  vertical  azimuth 
axis.  In  (a)  of  Figure  3-10  an  edge  view  of  such 
a  family  of  planes  le  shown  where  the  planes 
are  designated  ae  AA, BB,  etc.  An  edge  view  of 
the  other  family  of  planes  Is  shown  in  (b)  of 
Figure  3-15. 


The  latter  family  hae  planes  designated  as  aa, 
Lv‘,  etc.,  and  these  planes  have  been  chosen  on 
the  basis  of  a  ray  diagram  of  the  antenna.  Thus, 
all  the  directions  of  propagation  of  rays  ema- 
nating  from  the  antenna  aperture  are  represented 
by  the  lines  of  intersection  of  the  two  families 
of  planes,  Thus,  the  plane  VP  of  Figure  3-14 
corresponds  to  any  one  of  the  planes  E'E' 
through  EE,  and  the  plane  HP  corresponds  to 
any  one  of  the  planes  aa  through  gg.  Thus,  In 
view  of  Equations  (3-48)  through  (3-50),  it 
should  be  possible  to  determine  the  Incidence 


E'  O'  C'  B  AB  COE 


I  I  II  IN  II 

E'  O'  C'B'AB  COE 


Itcllgn  A-A 


(a) 


(b) 


Flguta  J- 75.  Eh  ration  and  0  ill  quo  Plana*  of 
Antannat  (a)  Edga  Via  w  al  £  la  ration  Plana*; 
(k)  Edga  Via w  al  Ob/lg  ua  Plana t 
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angle  n  and  the  relative  orientation  of  the  po¬ 
larization  vector,  with  respect  to  the  incidence 
plane,  by  graphically  determining  and  (>y. 

The  angles  and  Oy  may  be  determined  with 
aid  nf  rzdcrr.c  loft  lines  similar  to  those  shown 
In  the  sketches  of  Figure  3-16.  Two  views  of 
the  vertical  radome  and  antenna  cutting  planes 
are  shown  In  Figure  3-16.  For  the  case  of  air¬ 
craft  radomes  the  loft  lines  produced  by  the 
vertical  cutting  planes  arc  usually  referred  to 
as  buttock  lines,  and  the  loft  lines  resulting 
from  horizontal  cutting  planes  are  called  water 
lines.  Both  are  usually  available  on  drawings 
of  aircraft  radomes;  however,  to  avoid  confusion, 
only  the  buttock  lines  are  shown  In  Figure  3-18. 
The  edge  view  of  the  cutting  planes  Is  shown  in 
(a),  and  (b)  represents  the  buttock  lines  of  in¬ 
tersection  made  by  the  radome  cutting  planes  0 
through  6  and  the  representative  antenna  cutting 
planes  E'E’,  AA.andEE.  The  latter  are  shown 
obliquely  In  (b)  of  Figure  3-16;  hence,  to  deter¬ 
mine  the  projection  angle 0Vitru®  views  of  these 
planes  must  be  obtained  by  combining  true 
measurements  of  length  In  horizontal  planes  as 

s 


measured  from  (a)  with  true  lengths  in  vertical 
planes  as  measured  In  (b). 

To  obtain  the  true  views:  horizontal  cutting 
pliuttiH  are  constructed  which  pass  through  the 
antenna  aperture  and  through  the  points  on  the 
radome  where  the  buttock  lines  of  the  radome 
intersect  the  vertical  antenna  cutting  plane  of 
Interest,  for  example,  plane  AA.  Assuming  that 
the  vertical  position  of  the  antenna  within  the 
radome  Is  known,  it  is  possible  to  determine 
where  the  horizontal  cutting  planes  Intersect  the 
antenna  aperture  by  constructing  the  cutting 
planes  as  horizontal  lines  on  a  view  such  as  (b) 
of  Figure  3-16.  For  the  construction  of  a  true 
view  of  a  vertical  antenna  cutting  plane,  the 
horizontal  linos  are  then  chosen  so  as  to  pass 
through  the  polntB  where  the  vertical  antenna 
cutting  plane  Intersects  the  buttock  lines.  Once 
the  points  on  the  aperture  Intersected  by  the 
horizontal  cutting  planes  have  been  established, 
the  true  view  of  the  Intersection  of  a  vertical 
antenna  cutting  plane  with  the  radome  surface  is 
constructed  by  projecting  lines  perpendicular  to 
the  edge  view  of  the  antenna  aperture  at  each  of 


Ffffvro  J-ft.  Loft  Linn,  VtHletl  Cut* In/  Flonoi :  (n)  ligt  Vlow  of  Vnflttl  Cutting  Phntt; 
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the  points  at  which  the  aperture  Is  Intersected 
by  the  horizontal  cutting  planes.  For  this  pur¬ 
pose  a  view  of  the  antenna  Buch  as  that  shown 
In  (b)  of  Figure  3-15  is  used,  where  the  dashed 
line  1b  arbitrarily  chosen  as  the  effective  aper¬ 
ture.  The  same  aperture  is  shrwn  again  in  (a) 
of  Figure  3-17  as  the  solid  line  from  which  the 
oblique  antenna  cutting  planes  aa,  cc,  etc.,  are 
emanating.  Now  each  line  perpendicular  to  the 
aperture  corresponds  to  the  line  cf  intersection' 
between  the  vertical  cutting  plane  of  Interest 
and  a  horizontal  cutting  plane  that  intersects  a 
particular  buttock  line.  Hence  all  the  lines  lie 
in  the  vertical  cutting  plane  and  each  line  inter¬ 
sects  a  particular  buttock  line.  Thus  by  locating 
the  points  of  intersection  of  each  line  with  its 
respective  buttock  line,  the  locus  of  points  of  the 
curve  of  intersection  between  the  radome  sur¬ 
face  and  the  vertical  cutting  plane  Is  obtained. 
The  points  at  which  the  lines  Intersect  the 
radome  are  found  by  measuring  the  distance 
from  antenna  aperture  to  the  radome  surface. 
Since  each  line  Is  In  a  horizontal  plane,  and  each 
line  intersects  a  particular  buttock  line  on  the 
surface,  the  distances  are  obtainable  directly 
from  a  view  such  as  that  shown  in  (a)  of  Figure 
3-16.  In  that  figure,  these  distances  are  meas¬ 
ured  from  the  aperture  to  the  respective  buttock 
line  along  the  line  which  represents  an  edge  view 
of  the  particular  vertical  antenna  cutting  plane 
under  consideration;  thus,  if  plane  AA  is  being 
developed  Into  a  true  view,  measurements  of 
length  would  be  made  from  line  E'AE  along 
line  AA  to  its  intersection  with  lines  4,  3,  2,  1, 


and  0  .  In  (a)  of  Figure  3-37  true  views  of 
planes  E'  E',  AA,  and  EE  are  shown  super¬ 
imposed  on  an  edge  view  of  the  antenna  and 
its  associated  ray  diagram.  The  construction 
used  in  their  development  is  not  shown  because 
of  the  complexity  of  lines  which  would  result; 
however,  the  construction  linos  along  which  the 
distances  are  measured  would  be  perpendicular 
to  the  Bolid  line  from  which  the  rays  originate. 

Once  the  true  views,  as  shown  in  (a)  of  Figure 
3-17,  are  developed  and  superimposed  on  the 
antenna  ray  diagram,  the  vertical  projection 
angles  <?y  may  be  obtained  directly  by  erecting 
normals  to  the  contours  E'E',  AA,  and  EE  at 
the  points  of  intersection  with  the  planes  aa 
through  gg. 

To  determine  the  angles#^  true  views  of  the 
oblique  antenna  cutting  planeB’aa  through  gg  are 
obtained  directly  from  a  view  Buch  as  (a)  of 
Figure  3-17  by  measuring  true  lengths  along 
aa,  cc,  etc.,  from  a  fixed  reference  point  out  to 
the  point  of  intersection  with  the  contours  E' 

E' ,  AA ,  etc .  Then  by  constructing  a  view  such  I 

as  (b)  of  Figure  3-17  where  planes  E'E',  AA, 
etc. are  shown  as  an  edge  view,  the  true  lengths 
from  the  reference  line  are  measured  from 
line  E'AV.  ilong  lines  E'E',  AA,  etc.  Thus  by 
connecting  the  locus  of  points  for  aa,  cc,  etc., 
true  views  of  the  curves  of  intersection  between 
the  radome  and  the  planes  ua,  cc,  etc.,  are  ob¬ 
tained.  Note  that  when  measuring  distances 
along  aa,  cc,  etc.,  in  (a)  of  Figure  3-17  to  their 
respective  intersections  with  E'E',  AA,  etc., 
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It  ia  not  necessary  that  the  reference  point  lie 
on  the  antenna  aperture.  Ait  that  ts  required  is 
that  for  any  one  plane,  such  as  aa,  the  same 
point  be  used  to  reference  measurements  out  to 
E'E',  AA,  etc.  After  the  contours  aa,  cc,  etc., 
are  obtained  it  is  a  simple  matter  to  construct 
normals  to  them  at  the  points  of  Intersection  with 
tiitr  planes  A  A,  etc.,  as  shown  in(Dlot  figure  3-17. 

When  n  y  and  r‘  jj  have  been  found  by  these 
graphical  methods,  the  true  Incidence  angle  o 
may  then  be  obtained  with  the  aid  of  Equation 
(3-47),  and  the  angle  ■  which  the  Incidence 


piano  makes  with  the  vertical  plane  VP  may  be 
found  with  the  aid  of  Equation  (3-50).  Thus  if 
the  angle  which  the  polarization  vector  § 
makes  with  the  vertical  plane  VP  is  known,  it  is 
possible  to  resolve  the  polarization  vector  g 
into  components  which  are  parallel  and  perpen¬ 
dicular  to  the  incidence  plane.  Thetransmissinn 
of  these  components  can  then  be  easily  treated 
and  the  resultant  wave  can  be  reconstructed  as 
It  emerges  from  the  radome  wall. 

As analdinthe computation  of  c  and  «  ,  Figure 
3-18  has  been  prepared.  Values  for  t <  and  n  can 


8  •  true  incident  angle 

a  •  angle  between  vertlcol  plane  and  incidence  plane 
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be  obtained  from  It  directly  if  f'jj  and  t> y  are 
known, 

It  might  be  noted  that  usually  it  is  sufficient  to 
make  an  Incidence  angle  study  at  only  the  critical 
positions  of  the  antenna,  which  normally  can  be 
determined  in  advance.  Hence  the  average  in¬ 


cidence  angle  study  for  anonstreamlinedradome 
may  require  Investigation  of  only  one  or  two 

waI«»(  UaA  pnnit  ihlC  "  "t 0 HAnpnnt  »  n 

the  rr  lome.  However,  where  high  performance 
requirements  exist,  it  is  usually  necessary  to 
consider  all  possible  antenna- radome  orienta¬ 
tions. 


SECTION  E.  WALL  TH1CKNE3S 


3-14.  Optimum  Data  Presentation 

The  final  step  in  the  design  procedure  is  the 
determination  of  the  thickness  of  the  radome 
wall.  For  normal-incidence  radomes  It  is 
usually  sufficient  to  choose  a  wall  of  uniform 
thicknoss.  Tor  more  complicated  design  prob¬ 
lems  where  beam  bending  and  high  incidence 
angles  are  considerations,  it  Is  frequently 
necessary  to  vary  the  thicknoss  of  the  wall  over 
the  surface  of  the  radome.  Since  the  ultimate 
design  criterion  is  high  transmission  with  a 
minimum  of  beam  distortion,  the  ideal  wall  de¬ 
sign  would  be  one  that  provides  100  percent 
transmission  and  constant  Insertion  phase  for 
all  Incidence  angles  and  all  polarizations  at  all 
frequencies;  thus,  it  Is  convenient  to  examine 
the  electrical  behavior  of  various  wall  construc¬ 
tions  as  a  function  of  Incidence  angle,  polariza¬ 
tion,  and  frequency.  Curves  that  present  such 
information  were  given  In  Figures  3-8  through 
3-11  for  a  solid  wall  having  a  relative  dielectric 
constant  e  r  of  4.0  and  for  an  "A"  sandwich  wall 
having  a  normalized  skin  thickness  to  wave¬ 
length  ratio  d8/x  of  0.024,  a  relative  skin  di¬ 
electric  constant  <  3  of  4.3,  and  a  relative  core 
dielectric  constant  *c  of  1.2. 

Curves  of  this  general  type,  where  normalized 
wall  thickness  is  plotted  ao  a  function  of  Inci¬ 
dence  angle  for  constant  values  of  transmission 
and  insertion  phase,  are  particularly  useful  in 
wall  thickness  design  problems  Involving  vari¬ 
able-thickness  walls.  In  the  case  of  sandwich 
walls,  either  the  skins  or  the  core,  or  both, 
could  be  varied  In  thickness;  however,  from  the 
standpoint  of  fabricating  a  foamed-ln-place  "A" 
sandwich  radome*  it  tu  most  convenient  to  vary 
the  core  thickness,  keeping  the  thickness  of  the 
skins  constant. 

Another  method  of  presenting  theoretical  data 
for  design  problems  involving  uniquely  polarized 
antenna  systems  is  presented  in  Figure  3-19, 

The  transmission  coefficient  Tq,  Is  plotted  as  a 
function  of  incidence  angle  0  for  various  values 


*  Reference  foamed-ln-place  construction  in 
paragraph  8-26, 


of  normalized  wall  thickness  A/\ .  The  curves 
of  Figure  3-19  were  calculated  tor  the  case  of  a 
circularly  polarized,  homogeneous  plane  wave 
of  wavelength  \  traversing  a  homogeneous, 
isotropic,  lossless  plane  sheet  having  a  relative 
dielectric  constant  of  4.0,  unity  relative  perme¬ 
ability,  and  a  normal  thickness  d.  The  trans¬ 
mission  coefficient  To  is  the  voltage  amplitude 
of  the  transmitted  circularly  polarized  wave 
which  has  the  same  sense  of  rotation  as  the  in¬ 
cident  wave,  In  terms  of  the  complex  trans¬ 
mission  coefflcents  and  I'll  of  a  linearly 
polarLzed  wave 

T0  =  1/2  |  Tj^  +  T||  |  (3-51) 

Data  of  the  form  shown  in  Figure  3-19  are 
useful  la  determining  what  the  transmission 
characteristics  would  be  for  a  constant  thick¬ 
ness  wall  over  the  range  of  lnridance  angles  of 
Interest.  It  is  also  quite  convenient  to  have 
transmission  and  phase  information  for  the 
specific  polarization  that  is  being  considered; 
however,  it  is  seldom  feasible  to  calculate  a 
whole  family  of  special  phase  and  transmission 
coefficients  just  for  a  single  radome  design 
problem. 

For  design  problems  where  bandwidth  and  di¬ 
electric  constant  variations  are  considerations, 
still  another  method  of  presenting  data  is  shown 
in  the  curves  of  Figure  3-20.  In  this  figure  the 
insertion  phase  a  has  been  plotted  as  a  function 
of  the  incidence  angle  &  for  the  cases  of  parallel 
and  perpendicular  polarization  of  a  linearly 
polarized  wave  traversing  solid,  lossless  di¬ 
electric  sheets  having  relative  dielectric  con¬ 
stants  er  of  1.02,  1,60  and  4.00.*  The  thick¬ 
ness  of  each  sheet  was  chosen  so  that^  Is 
equal  to  v  when  0  equals  50°  (half-wave  wall 
at  SO0).  This  last  family  of  curves  In  use¬ 
ful  tn  illustrating  the  effect  of  changes  In  di¬ 
electric  constant  on  Insertion  phase;  in  fact, 
one  very  Important  aspect  ol  radome  design  is 
made  obvious,  that  Is,  a  low -dielectric-constant 
wall  reduces  the  variation  of  insertion  phase 
with  polarisation.  The  fact  that  insertion  phase 


*  See  Equation  (2-63)  in  Chapter  2. 
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Is  a  function  of  polarization  Is  quite  Important 
in  the  design  of  radomes  having  stringent  re¬ 
quirements  on  beam  refraction  errors.  Usually 
in  such  designs  the  major  problem  is  one  of  de¬ 
signing  a  compromise  wall  structure  that  sat¬ 
isfies  the  restrictions  on  beam  deflections  for 
both  polarizations.  When  both  polarizations 
behave  in  nearly  the  same  fashion,  the  design 


requirements  for  the  two  cases  are  more 
compatible. 

Sometimes  experimental  data  on  the  phase  and 
transmission  coefficients  of  sample  test  panels 
are  required.  This  is  particularly  true  for 
unique  wall  constructions  that  exhibit  inhomo¬ 
geneous  or  anisotropic  properties.  In  general, 
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if  honeycomb  cores  are  being  used  in  hlgh- 
tnctitenre-angle  applications.  It  In  usually  ad¬ 
visable  to  make  up  test  samples  of  the  wall 
structures  being  considered.  By  conducting 
free  space  transmission  tests  the  data  can  be 
pres  nted  in  a  fashion  similar  to  that  employed 
In  the  curves  of  Figures  3-19  and  3-20. 

3-15.  Case  1;  Thin  Wall,  Uniform  Thickness 


From  Equation  (2-47)  of  Chapter  2,  it  may  be 
shown  that 


T2  = 


(1  -  r2)2 


f  O  •)  o 

(1  -  r)“  +  4  r"  sin"  # 


where 


#  *  -  sin2  8 

K0  ’ 


(3-52) 

(3-53) 
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$  =  electrical  thickness  in  radians  at  an  3-17.  Case  III:  Half-Wave  Wall,  Non-Uniform 
arbitrary  angle  »  .  Thickness 


For  the  case  of  a  thin  wall,  such  that 

•P  »  sin  >fj  (3-54) 

Equation  (3-52)  may  be  solved  for  d  to  yield 


d2 


(1  -  T^ 


(1  -  t~2)2  x  q2 

16rM  (fr  -  sin20) 


(3-55) 


When  the  required  power  transmission  is 
known,  the  maximum  allowable  thickness  can 
be  calculated  for  any  incidence  angle  and 
polarization.  In  general,  for  the  case  of  per¬ 
pendicular  polarization,  as  the  incidence  angle 
increases  the  allowable  maximum  wall  thickness 
must  be  decreasea;  however,  for  the  case  of 
parallel  polarization,  the  presence  of  Brewster's 
angle,  i?g,  permits  100  percent  transmission 
lor  a  lossless  sheet  of  any  thickness  d  when 
the  incidence  angle  <1  equals  0-a  where 


0B  =  tan  (3-56) 

In  Equation  (3-56),  as  before,  £  r  is  the  dielec¬ 
tric  constant  of  the  sheet  relative  to  the  sur¬ 
rounding  mediuru, 

3-16.  Case  II:  Half-Wave  Wall,  Uniform 
Thickness 


In  many  transmission  design  problems,  where 
the  range  of  incidence  angles  is  small  and  the 
transmission  requirements  are  not  too  stringent, 
it  is  possible  to  choose  a  single  wall  thickness 
on  the  basis  of  the  criterion  that  the  proper 
thickness  is  the  one  that  will  maximize  the 
minimum  value  of  transmission  coefficient  at 
any  incidence  angle  in  the  range  of  angles  of 
interest.  In  terms  of  the  reflection  coefficient, 
the  optimum  wall  thickness  is  the  one  that  mini¬ 
mizes  the  maximum  reflection  coefficient  that 
occurs  at  any  angle  of  incidence  in  the  range  of 
interest.  As  an  example  of  the  application  of 
the  criterion,  consider  the  case  of  a  radome 
having  a  range  of  Incidence  angles  varying  from 
15  to  Q5°  for  perpendicular  polarization.  For 
polarization  parallel  to  the  incidence  plane, 
the  same  approximate  maximum  value  of  reflec¬ 
tion  coefficient  Is  obtained,  but  onlv  at  incidence 
angles  near  15°.  At  the  large  incidence  angles 
the  reflections  have  been  reduced  because  of 
Brewster’s  angle.  In  using  curves  for  the  loss¬ 
less  case,  it  is  well  to  remember  that  the  effect 
of  loss,  although  small  in  lossless  dielectrics 
at  near  normal  incidence, becomes  increasingly 
Important  as  the  Incidence  angle  is  increased 
(see  Chapter  2). 


Although  undo. m-thickness  walls  are  satis¬ 
factory  for  the  majority  of  search  radomes, 
sometimes  the  restrictions  on  electrical  per¬ 
formance  make  it  desirable  to  vary  the  wall 
thickness  of  the  radome  as  a  function  of  posi¬ 
tion  on  the  radome  surface.  The  simplest  case 
to  consider  is  the  one  where  the  radome  is  a 
figure  of  revolution.  If  the  antenna  is  roll 
stabilized,  variations  in  wall  thickness  are  re¬ 
stricted  to  the  axial  direction.  When  the 
enclosed  antenna  is  not  roll  stabilized,  it  may 
be  helpful  to  vary  the  wall  thickness  circum¬ 
ferentially.  In  this  case,  the  need  for  variation 
in  the  circumferential  direction  stems  from  the 
fact  that  when  the  antenna  axes  are  fixed  with 
respect  to  the  radome  the  polarization  usually 
remains  the  same  with  respect  to  horizontal 
and  vertical  reference  planes  within  the  radome. 

As  noted  earlier,  the  first-order  theoretical 
contours  of  zero  reflection  are  the  same  for 
both  polarizations  (see  Figures  3-8  and  3-9). 
Therefore,  It  might  be  expected  that  at  each 
point  on  the  radome  the  thickness  could  be  ad¬ 
justed  to  provide  a  theoretical  100  percent 
transmission  for  both  polarizations;  actually, 
such  a  procedure  could  be  followed  if  the  antenna 
beam  were  a  single  ray.  However,  the  cross 
sectional  area  of  the  beam  generally  is  of  the 
same  order  of  magnitude  as  the  radome  surface 
area;  hence  any  point  on  the  surface  of  the 
radome  is  illuminated  for  more  than  one  posi¬ 
tion  of  the  antenna  with  respect  to  the  radome. 
In  general,  therefore,  there  will  be  a  whole 
family  of  incidence  angles  associated  with 
each  surface  point.  To  determine  the  proper 
thickness  at  a  point,  the  incidence  angles  as¬ 
sociated  with  the  point  must  be  weighted  rela¬ 
tive  to  each  other.  One  method  that  can  be  used 
when  the  antenna  is  a  paraboloid  of  revolution 
is  to  base  the  design  thickness  on  the  incidence 
angle  made  by  the  central  ray  of  the  antenna. 
Such  a  choice  presupposes  that  the  range  of 
incidence  angles  is  centered  about  the  angle 
made  by  the  central  ray.  Also,  it  assumes  that 
the  power  density  of  the  radiated  field  is  greatest 
in  the  direction  of  the  central  ray. 

When  the  enclosed  antenna  is  a  cylindrical 
section  of  a  paraboloid  of  the  type  commonly 
used  for  uniform  ground  illumination,  the  wall 
thickness  may  be  determined  on  the  basis  of 
optimizing  the  transmission  for  the  range  of 
Incidence  angles  existing  when  only  the  rays  in 
the  central  or  symmetry  plane  of  the  antenna 
are  considered.  However,  for  a  shaped  beam 
or  co secant -squared  antenna  there  is  no  simple 
criterion  of  weighting,  such  as  choosing  the 
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center  ray  as  being  representative.  Fortunately, 
In  most  practical  problems  the  range  of  inci¬ 
dence  angles  associated  with  a  particular  point 
on,  the  radome  surface  Is  small  enough  so  that 

a  nlii&le  uiictvuetio  can  uc  uelci  milieu  uuxi 

satisfies  all  of  the  Incidence  angles. 

In  cases  where  Die  geometry  of  like  rauume 
yields  to  analytical  methods,  the  radome  wall 
thickness  d,  which  satisfies  the  criterion  of 
optimum  transmission,  can  be  expressed  in 
terms  of  the  radome  surface  coordinates  x,  y, 
and  z.  Consider,  for  example,  the  case  of  an 
axially  symmetric  radome  whose  geometry  is 
similar  to  that  shown  In  Figure  3-12.  In  Section 
O  of  this  chapter  It  was  shown  that  the  Incidence 
angle  0  could  be  related  to  the  antenna  offset 
angle  u  ,  and  a  particular  antenna  ray  denoted 
by  xj  and  y^,  as  In  Equation  (3-30). 

Thus, by  chooslngthe  ray  of  maximum  interest, 
such  as  the  central  ray  where  x*  and  y^  equal 
zero,  the  angle  0  may  be  expressed  as 

e  .  e  (a)  (3-57) 

But  with  the  aid  of  Equations  (3-19),  (3-28), 
and(3-29),o  may  be  solved  for  explicitly  as  a 
function  of  z.  Hence,  If  Equation  (3-53)  Is  solved 
for  d  when  $  equals  v ,  then 

d  . - - - —rrr  (3-58) 

2  {<r  -  sin2  [ 8  (z)]}"1/2 

One  problem  which  arises  frequently  In  the 
calculation  of  radome  wall  thickness  is  whether 
the  Inner  or  outer  surface  of  the  radome  wall 
should  be  used  In  calculating  Incidence  angles. 
Usually  the  outer  surface  of  the  radome  is 
specified;  however,  in  calculating  Incidence 
angles  by  the  methods  outlined  In  Section  D, 
small  errors  can  arise  duo  to  the  finite  thickness 
and  the  curvature  of  the  wall.  In  general,  the 
errors  caused  by  calculating  the  Inner  surface 
Incidence  angles  In  terms  of  the  outer  surface 
are  small  In  comparison  with  errors  that  re¬ 
sult  from  such  assumptions  as  the  treatment  of 
Incremental  elements  on  the  radome  surface 
and  on  the  wave  front  of  the  antenna  as  being 
planar. 

So  far  only  the  problem  of  choosing  a  wall 
thickness  for  optimum  transmission  has  been 
considered,  and  therefore  many  of  the  problems, 
such  as  the  dependence  of  insertion  phase  and 
transmission  on  polarization,  have  been  tacitly 
avoided.  When  it  is  necessary  to  consider  in¬ 
sertion  phase  effects  the  difficulty  of  deter¬ 
mining  the  correct  wall  thickness  is  greatly 
enhanced.  Since  beam  refraction  design  prob¬ 


lems  are  treated  In  considerable  detail  in 
Chapter  4,  It  will  suffice  now  to  consider  only 
some  of  the  qualitative  aspects  of  the  problem. 

3-18.  uiBBiuuii  rijaoc 

Insertion  phase  becomes  an  Important  consi¬ 
deration  in  problems  where  beam  distortion  and 
refraction  are  critical.  The  effect  of  Insertion 
phase  on  the  antenna  beam  is  in  general  quite 
complicated.  If,  however,  a  uniform  variation 
of  phase  is  produced  across  the  beam  as  it 
traverses  the  radome  wall,  the  antenna  beam 
will  be  refracted  In  a  manner  very  similar  to 
that  of  light  refracted  by  a  prism  -  with  one 
significant  difference.  In  the  case  of  the  prism, 
the  uniform  variation  in  insertion  phase  acrose 
the  beam  results  from  the  uniform  thickness 
taper  of  the  prism,  whereas  for  the  radome  the 
variation  In  phase  is  due  to  the  variation  in  the 
angles  of  Incidence  across  the  radome  surface 
being  Illuminated.  If  the  curvature  of  the 
radome  Is  small,  the  effects  of  insertion  phase 
are  minimized.  It  was  pointed  out  previously 
that  a  spherical  radome,  large  with  respect  to 
the  antenna,  simplified  radome  design.  The 
choice  of  the  sphere  was  obvious  from  sym¬ 
metry  constderations,  but  the  requirement  for 
the  sphere  to  be  large  with  respect  to  the  an¬ 
tenna  was  based  on  minimizing  the  variations 
in  incidence  angle.  It  should  be  noted  that,  when 
the  insertion  phase  A  is  expressed  as  a  power 
series  of  position  x  within  a  beam  originally 
symmetrical  with  respect  to  x,  then 


A=A0+f;  A<xi  (3-59) 

fTl  3 

Now,  the  even  terms  of  the  series  produce 
symmetrical  beam  distortion  effects,  such  as 
widening  of  the  main  beam  and  changes  in  the 
side  lobe  levels.  The  odd  terms  result  in  a~ 
symmetrical  effects,  such  as  beam  bending. 

One  method  of  minimizing  Insertion  phase 
effects  Is  to  vary  the  wall  thickness,  as  a  func¬ 
tion  of  Incidence  angle,  so  as  to  maintain  constant 
insertion  phase  over  the  whole  wave  front.  This 
requirement  differs  from  those  outlined  for 
transmission  design  In  that  it  Is  necessary  to 
consider  the  phase  effect  at  a  point  on  the  sur¬ 
face  relative  to  other  illuminated  points  for  all 
positions  of  the  antenna  that  Illuminate  the  point 
of  Interest.  Thus,  in  addition  to  knowing  all 
the  incidence  angles  and  polarizations  assoc  tatni 
wltha  single  point, as  in  the  case  of  transu  ><'. 
design,  it  is  also  necessary  to  know  the  inner 
tion  phase  at  one  point  relative  to  the  phase  at 
all  other  points  being  illuminated  at  the  same 
time.  The  problem  is  therefore  one  of  making 
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the  design  thickness,  which  is  required  at  a 
single  point  for  one  position  of  the  antenna, 
compatible  with  the  requirements  for  the  other 
positions  of  the  antenna,  except  that  the  thick¬ 
ness  at  any  point  is  also  a  function  of  the  thick¬ 
ness  at  tne  surrounding  points.  Since  the  solu¬ 
tion  to  the  insertion  phase  problem  (that  Is,  the 
proper  design  thickness  at  any  arbitrary  point) 
requires  a  knowledge  of  the  insertion  phase 
produced  by  surrounding  points,  about  the  only 
design  procedure  is  one  of  synthesis  by  analysis, 
or  as  It  is  more  commonly  referred  to,  "cut 
and  try." 

In  many  search  radome  problems  requirements 
on  beam  distortion  are  limited  to  a  small  range 
of  antenna  offset  angles.  When  such  Is  the  case 
it  is  usually  feasible  to  design  for  uniform  in¬ 
sertion  phase  in  the  area  illuminated  when  the 
antenna  occupies  the  central  or  some  other 
properly  weighted  position  within  the  range  of 
interest.  Then  the  design  thickness  of  adjacent 
areas  can  be  matched  to  the  central  area  so  as 
to  maintain  a  uniform  phase  front  as  the  antenna 
is  moved  angularly  away  from  the  central  posi¬ 
tion.  The  same  procedure  may  be  extended  to 
the  whole  radome  surface;  however,  unless  the 
geometry  is  relatively  simple,  the  experimental 
methods  of  design  discussed  in  Chapter  4  are 
to  be  preferred. 

3-19.  Case  IV:  _ Sandwich _ Wall,  Uniform 

Thickness 

The  same  design  techniques  as  those  discussed 
for  the  uniform -thickness  solid  wall  may  be 
used  for  "A"  sandwich  walls.  As  Was  the  case 
for  the  solid  wall,  curves  of  constant  trans¬ 
mission  and  insertion  phase  similar  to  thoBe  of 
Figures  3-10  and  3-11  are  very  helpful  in  deter¬ 
mining  the  proper  design  thickness.  One  major 
difference  between  the  solid-wall  design  and  the 
sandwich  wall  design  techniques  may  be  noted 
by  comparing  the  curves  of  Figures  3-8  and  3-9 
with  those  of  Figures  3-10  and  3-11,  For  the 
sandwich  construction,  the  aero  percentage  re¬ 
flection  contours  are  not  identical  for  the  two 
polarizations ,  whereas  the  contours  are  identical 
for  the  lossless  solid  wall.  Moreover,  at  high 
Incidence  angles  (60°  or  greater),  sandwich  wall 
construction  is  a  poor  transmitter  of  parallel 
polarization;  hence,  in  very  streamlined  radomes 
where  parallel  polarization  is  encountered,  the 
use  of  sandwich  walls  is  to  be  avoided.  For 
incidence  angles  below  60°  symmetrical  sand¬ 
wich  constructions,  can  be  designed  to  provide 
excellent  transmission  over  a  broad  band  of 
frequencies.*  For  the  "A"  sandwich,  the  trans- 


*  See  pp  306-338  of  Reference  9  for  a  detailed 
treatment  of  sandwich  walls. 


mission  Is  very  much  a  function  of  the  thickness 
of  the  skins.  Figures  3-21  and  3-22  areconstant 
transmission  and  insertion  phase  contours  simi¬ 
lar  to  those  of  Figures  3-10  and  3-11,  except 
that  the  normalized  skin  thtrknoKo  epiir.  a  /. 
equals  Q.055  Instead  of  0.024,  It  should  be  noted 
that,  as  the  thickness  of  the  skins  is  reduced 
(as  shown  In  Figures  3-10  and  3-11),  the  range 
of  core,  thicknesses  and  the  range  of  Incidence 
angles  for  which  good  transmission  can  be  ob¬ 
tained  Is  Increased,  except  that  for  parallel 
polarization  at  incidence  angles  above  60°  the 
transmission  continues  to  drop  off  rapidly. 

Occasionally  in  the  design  of  sandwich  radomes 
having  honeycomb  cores  or  other  cores  held  in 
place  by  foreign  adhesive  materials,  It  is  nec¬ 
essary  to  consider  the  effect  of  the  adhesive. 
Normally  the  electrical  effect  of  the  adhesive  is 
accounted  for  by  considering  the  effective  thick¬ 
ness  of  the  skin  to  be  the  total  thickness  of  skin 
plus  adhesive,  since  in  general  the  dielectric 
constant  of  the  adhesive  is  less  than  or  equal  to 
the  dielectric  of  the  skins.  If  the  dielectric 
constant  of  the  adhesive  Is  very  much  greater 
thanthat  of  the  skins,  the  adhesive  layers  should 
be  treated  as  layers  In  a  multiple  sandwich.* 
The  same  procedure  may  be  used  for  rain 
erosion  coatings. 

3-20.  Case  V:  Sandwich  Wall.  Non-Uniform 
Thickness 

The  problem  of  designing  nonuniform  sandwich 
walls  is  most  meaningful  in  terms  ol  "A"  sand¬ 
wich  walls  having  a  variable  thickness  core. 
As  was  the  case  for  the  solid  wall  radome,  ta- 
peringthe  wall  thickness  permits  uniform  trans¬ 
mission  as  a  function  of  antenna  position  even 
though  the  incidence  angles  change.  In  the  case 
of  a  sandwich  radome  a  different  wall  thickness 
taper  Is  required  for  perpendicular  polarization 
than  Is  required  for  parallel  polarization. 
Furthermore,  a  tapered  wall  affords  only  a 
small  improvement  over  a  uniform  thickness 
wall  when  the  polarization  is  parallel  to  the  in¬ 
cidence  plane  (see  Figures  3-11  and  3-22).  Only 
when  the  polarization  remains  perpendicular  to 
the  incidence  plane  can  a  significant  improve¬ 
ment  in  transmission  be  achieved  by  tapering 
the  wall;  when  this  is  done,  the  method  Is  es¬ 
sentially  the  same  as  that  employed  for  tapering 
a  solid  wall  radome. 

The  real  advantages  in  using  tapered  core  "A" 
sandwich  walls  accrue  when  It  is  necessary  to 
maintain  uniform  Insertion  phase  across  Vne 

’See  Chapter  2  for  methods  of  computing  trans¬ 
mission  through  complex  sandwich  structures, 
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d„/X=  thickness  of  the  core  in  normafized  units 


dc  /X  =  thickness  of  the  core  in  normalized  units 
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antenna  wave  front,  or  when  It  is  desired  to  re¬ 
duce  the  rate  of  change*  of  beam  refraction  as 
a  function  of  antenna  position.  For  these  proh- 
Uuio  U  is  possioie  to  vary  the  core  thickness 
over  a  considerable  range  without  adversely 


affecting  the  transmission  characteristics,  par¬ 
ticularly  when  the  radome  skins  are  relatively 
thin,  an  they  are  fur  the  case  shown  in  Figures 
3-21  and  3-22. 


SECTION  F,  INTEGRATED  ANTENNA- RADOME  DESIGN 


There  Is  much  to  be  said  in  favor  of  integrating 
the  design  of  radomes  and  antennas,  at  least  to 
the  extent  that  antenna  and  radome  designers 
are  familiar  with  each  other's  problems,  For 
example,  when  the  designer  of  the  antenna  is 
requested  to  provide  a  shaped  beam  for  a  spe¬ 
cific  function,  he  should  have  data  on  where  the 
antenna  will  be  mounted  in  the  aircraft,  the 
shape  of  radome  the  aerodynamicist  will  allow, 
and  shape  desired  by  the  radome  designer.  In 
turn  the  radome  designer  should  be  familiar 
with  the  functional  requirements  of  the  radar 
and  the  relationship  of  such  requirements  to  the 
radome  design  specifications.  A  mutual  under¬ 
standing  of  the  antenna  and  radome  problems 
will  eliminate  most  of  the  Incompatible  aspects 
of  the  respective  design  problems. 


•See  Chapter  4  for  a  discussion  of  error  rates. 


Even  if  antenna  and  radome  problems  are 
semi-independent,  the  near  field  of  the  antenna 
is  common  to  both,  arsd  it  Is  in  terms  of  pro¬ 
viding  detailed  information  on  the  near  field  that 
the  antenna  designer  can  make  a  direct  contri¬ 
bution  to  simplifying  radome  design.  Actually, 
by  considering  the  noar-field  structure  of  the 
antenna,  the  design  of  the  antenna  can  be  sim¬ 
plified  as  well.  The  design  of  precision  radomes 
is  already  very  much  dependent  on  an  accurate 
knowledge  of  the  near  field  and  much  specialized 
test  equipment*  has  been  developed  to  measure 
it.  Thus,  by  utilizing  the  same  procedures  of 
relating  tire  far  field  to  the  near  field  that  are 
used  for  improving  radome  design,  not  only  can 
antenna  design  techniques  be  Improved,  but  the 
design  of  the  radome  will  be  aided  directly  by 
having  immediately  available  all  the  Information 
of  interest  on  the  antenna. 


*  See  Chapter  12, 
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GUIDANCE  AND  FIRE  CONTROL  SYSTEM 

RADOME  DESIGN 


SECTION  A.  INTRODUCTION 


4-1.  Radome  Design  Factors 

Radomes  used  on  high-speed  aircraft*  tnuut 
withstand  the  aerodynamic  rigors  of  supersonic 
flight  and  must  produce  a  minimal  effect  on  the 
radiation  patternof  the  guidance  system.  These 
requirements  force  a  dual  role  on  the  radoine: 
It  is  a  structural  part  of  the  aircraft  and  an 
Integrated  component  of  the  radar  system.  In 
the  design  of  such  radomes,  compromises 
must  be  made  which  involve  electromagnetics, 
aerodynamics,  thermodynamics,  structures, 
and  materials  and  processes.  As  will  be 
brought  out,  the  design  of  any  radcme  la  usually 
accomplished  by  reference  to  factors  other  than 
those  which  concern  only  the  radoine.  Best  re¬ 
sults  can  be  obtained  If  a  group  of  technically 
trained  personnel  co-operate  in  the  design, 
and  If  the  radome  Is  considered  as  an  Integral 
part  of  the  radar  system  —  not  as  an  Item 
which  is  thrown  In  after  everything  else  Is  de¬ 
signed  and  frozen. 

Of  all  the  aircraft,  high-speed  missiles  prob¬ 
ably  demand  the  most  from  the  radome,  and  the 
requirements  of  these  missiles  Illustrate  the 
complexity  of  the  problems  Involved  in  design¬ 
ing  radomes  for  sonic  and  supersonic  flight. 
Missiles  reach  maximum  velocity  In  a  very  few 
seconds  after  firing.  An  effect  of  such  a  rapid 
Increase  in  speed  Is  the  production  of  a  thermal 
shock.  Temperatures  Involved  in  such  a  shock 
can  be  In  excess  of  1,000°  F,  The  ability  of 


*In  this  chapter,  missiles  are  classified  as 
aircraft. 


materials  to  withstand  such  heat  varies.  Some 
materials  are  capable  of  maintaining  their 
physical  characteristics  when  the  temperature 
is  Increased  gradually  but  do  not  do  so  when  the 
temperature  is  Increased  rapidly.  If  moisture 
is  present  in  the  radome  wall,  its  sudden  con¬ 
version  to  steam  may  destroy  the  radoine.  Dur¬ 
ing  flight,  the  temperature  inside  the  radome 
wall  increases,  and  if  the  flight  Is  long  enough  in 
time,  an  equilibrium  temperature  may  be  reach¬ 
ed.  A  temperature  gradient  usually  exists 
through  the  wall,  and  differential  expansion  of 
the  material  may  result  in  the  destruction  of  the 
radome.  Frontal  air  pressures  of  1QO  pounds 
per  square  inch  or  more  can  exist  with  nega¬ 
tive  pressures  possible  over  certain  portions 
of  the  radome  when  the  aircraft  is  flying  at  cer¬ 
tain  angles  of  attack.  Structurally,  then,  the 
missile  radome  (and  to  some  extent,  fire  con¬ 
trol  radomes)  must  withstand  thermal  shock, 
differential  expansion,  and  wide  variations  in 
aerodynamic  loads.  The  radome  must  also  be 
capable  of  withstanding  erosion  effects  of  rain, 
hail,  and  possibly  dust.  In  some  missiles,  the 
electronic  system  demands  that  the  radome  be 
pressu  Ized;  tn  others,  the  guidance  system  is 
required  to  operate  In  a  vacuum.  Special  treat¬ 
ment  may  also  be  required  for  the  elimination 
of  moisture  passing  through  radome  walls. 

Radars  used  in  guidance  and  fire  control 
systems  are  very  precise  units.  They  must 
provide  present-position  and  angular-rate  data, 
describing  the  motion  of  the  object  observed  to 
some  computer  which  compares  the  radar  out¬ 
put  with  a  reference  value.  The  difference 
comprises  an  error  signal,  which  is  appro¬ 
priately  employed  to  command  the  servo  sys- 
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tem  to  reduce  the  error  signal  to  zero.  Spe¬ 
cific  electrical  requirements  vary  from  system 
to  system.  Detailed  discussion  will  be  given  on 
the  ways  in  which  radome  error  affects  altitude 
stability,  missile  control  time  constant,  navi¬ 
gation  constant,  flight  path  Instability,  and  re- 
SHonse  to  target  noise.  Acceptable  limits  of 
radome  error  depend  upon  the  details  of  the 
control  system  used,  and  the  limits  placed  on 
tiiu  radome  by  different  systems  may  differ  for 
many  reasons. 

The  majority  q{  the  missile  systems  under  de¬ 
velopment  at  present  use  what  la  commonly 
known  as  proportional  navigation.  The  basic 
piece  of  Information  about  the  target  which  is 
required  Is  the  rate  at  which  the  true  llne-of- 
alght  to  the  target  appears  to  be  moving  with 
respect  to  a  fixed  direction  In  space.  This  in¬ 
formation  Is  required  bocause  these  navigation 
systems  aim  to  bring  the  missile  onto  a  col- 
Ilsion  course  with  the  target}  for  a  given  target 
position  and  velocity  and  missile  velocity,  the 
instantaneous  "collision  course"  for  the  missile 
Is  defined  as  the  direction  of  motion  which 
would  have  the  straight-line  constant-velocity 
projections  of  the  missile  and  target  paths 
intersecting  at  a  later  time,  Such  a  collision 
course  is  characterized  by  the  faetthat  the  true 
llne-of-sight  from  missile  to  target  has  a  con¬ 
stant  direction  In  space;  hence,  the  rate  of 
change  of  the  true  lino-of-Blght  Is  a  measure- 
ment  of  the  deviation  from  the  collision  course. 
Rates  of  change  of  the  pointing  error  with  re¬ 
spect  fo  the  radome  have  serious  effects  on  the 
navigation  system.  The  actual  maximum  rates 
which  can  be  tolerated  are  functions  of  the  al¬ 
lowable  miss  distance  and  vary  from  missile 
to  miBHlle, 

4‘2‘  gloctrlcal  Requirements  and  Objectives 

The  primary  electrical  objective  In  the  design 
of  radomes  to  be  used  In  fire  control  and  guid¬ 
ance  systems  la  the  select  bn  of  materials,  con¬ 
structions,  dimensions,  and  shapes  that  will  re¬ 
duce  the  effect  of  the  radome  on  the  antenna 
patterns.  This  objective  usually  Is  very  dif¬ 
ficult  to  accomplish.  I-oss,  from  both  absorp¬ 
tion  and  reflections,  must  be  minimized,  In  an 
active  seeker  missile  system,  targe  reflections 
can  introduce  a  mismatch  in  the  anteiuia,  which 
may  result  In  power  loss  and  frequency  pulling, 
as  well  as  in  a  change  In  the  apparent  llne-of- 
sJght  to  the  target,  Another  electrical  require¬ 
ment  Imposed  upon  radomes,  especially  In  sys- 
ema  In  which  the  electromagnetic  energy  Is 
ell lptically  polarized,  Is  that  the  complex  trans¬ 
mission  coefficients  for  parallel  and  perpen- 
dlcular  radiation  be  equal,  If  these  two  coef¬ 
ficients  are  unequal,  pointing  errors  may  occur 


when  the  energy  passes  through  the  curved  ra- 
dome  wall,  and  then  the  antenna  pattern  will  be 
distorted.  If  the  missile  Is  to  be  used  at  low 
altitudes  over  either  land  or  sea,  the  radome 
must  not  enhance  the  sldelobos  of  thc  radiation 
Pattern  If  thp  a<HolnKon  n  mji  ....  n.  - 

- - — - w  me  amtmua 

may  lock  on  a  reflection  from  the  ground  or  sea 
and  completely  Ignore  the  target, 

Antennas  are  not  point  sources  and  most  ra¬ 
domes  are  not  spheres.  A  closer  approximation 
is  to  assume  that  parallel  rays  are  radiated 
from  the  antenna,  and  it  Is  correct  to  assume 
that  the  Individual  rays  will  experience  varying 
amounts  of  attenuation,  reflection,  and  diffrac¬ 
tion  due  to  the  variation  of  incidence  angles  and 
the  changing  radius  of  curvature  of  the  radome 
wad.  As  a  result  of  passage  through  the  radome 
wall,  all  rays  aro  operated  on  differently  and 
experience  different  amounts  of  attenuation  and 
diffraction.  If  the  wavefront  of  an  electromag¬ 
netic  wave  incident  on  the  radome  is  assumed 
to  be  plane,  the  emerging  wavefront  will  be  dls 
torted,  and  the  fur-field  patterns  with  and  with¬ 
out  the  radome  will  be  different. 

Present  consensus  among  designers  is  to  de¬ 
sign  for  minimum  reflection,  maximum  trans¬ 
mission,  minimum  absorption,  and  minimum 
phase  shift  variations,  and  then  to  look  to  the 
overall  system  of  which  the  radome  Is  a  part 
for  ways  to  reduce  the  Impairing  effect  of  the 
radome,  The  system  may  be  a  gun  laying  sys¬ 
tem  or  a  missile  guidance  system.  These  aro 
inherently  the  same:  the  objective  In  both  Is 
the  direction  of  a  projectile  to  a  target.  In  the 
gun  laying  system,  the  problem  of  directing  the 
projectile  is  done  once,  and  in  the  missile  sys¬ 
tem,  Continuously.  In  both,  however,  data  re¬ 
lating  to  the  angular  direction  of  the  target  and 
angular  rate  of  change  must  be  accurate. 

In  a  conical  scan  system  (fire  control  or  mis- 
sfle),  the  radar  seeks  a  null  signal  (unmodu¬ 
lated)  and  is  on  null  when  It  Is  on  target.  A 
shift  In  the  null  means  a  pointing  error  (that  la, 
a  false  target  position),  and  a  changing  antenna 
heading  means  false  Information  on  change  of 
target  bearing.  The  pointing  shift  produced  by 
the  radome  Is  usually  broken  into  components 
perpendicular  and  parallel  to  a  plane  defined  by 
the  radome  axis  and  the  true  llne-of-sight  to 
the  target.  These  components  are  referred  to 
In  this  chapter  as  the  crosstalk  error  and  the 
in-plane  error,  respectively.  In  gun  laying 
systems,  the  magnitude  of  the  pointing  error,  as 
well  as  its  rate  of  change,  can  cause  appreciable 
system  error,  aside  from  the  possible  effects 
on  the  stability  of  the  system.  The  Intelligence 
the  radar  gathers  is  angular  Information;  a 
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Riven  displacement  of  the  target  from  the  llne- 
of-slght  and  along  its  flight  path  will  cause  a 
larger  angular  displacement  of  the  antenna  In 
seeking  a  new  llne-of-slght  as  range  decreases, 
and  as  a  consequence  the  system  gain  will  In¬ 
crease,  In  practice  tne  change  in  gain  which 

ran  ho  tnlaraUH  4 o  1  ip-t by  jr.d 

component  resonances,  It  Is  possible  for  a  ra- 
dome,  in  causing  pointing  shift  as  the  range  de¬ 
creases,  to  produce  a  pointing  error  rats  which 
will  make  the  system  unstable  through  its  effect 
on  gain. 

Pointing  error  rate  also  affects  system  per¬ 
formance  through  its  effect  on  the  navigation 
constant  a  (proportionality  factor  between  mis¬ 
sile  rate  of  turn  and  rate  of  change  of  llne-of- 
slght  to  target),  The  effective  navigation  con¬ 
stant,  which  results  from  the  pointing  error 
rate,  is  k'  =  \(1  -  k)/(l  -  k\),  where  k  is  the 
pointing  error  rate  In  degrees  per  degree. 
Positive  pointing  error,  an  increasing  value  of 
null  shift.  In  the  same  direction  as  antenna 
scan,  causes  an  increase  In  navigation  constant, 
which  has  the  effect  of  commanding  the  missile 
to  turn  at  a  greater  rate  than  It  would  ordin¬ 
arily.  Similarly,  a  negative  error  rate  results 
In  a  smaller  effective  navigation  constant  than 
the  true  constant.  Since  the  navigation  constant 
Is  a  parameter  of  the  missile  feedback  control 
system,  a  change  in  the  feedback  control  char¬ 
acteristics  can  establish  the  condition  for  In¬ 
stability  of  the  control  system.  Depending  on 
response  times  and  phase  relationships  that 
exist  among  the  various  units,  Instability  may 
be  realized  at  one  or  more  frequencies.  In¬ 
stability  may  be  evidenced  at  aerodynamic  fre¬ 
quencies  and  at  low  frequencies.  In  the  first 
case,  the  effect  will  be  missile  attitude  oscil¬ 
lation,  and  in  the  second,  flight  path  instability 
evidenced  by  wide  swings  from  the  Intended 
flight  path. 

4-3  Mechanical  and  Aerodynamic  Restrictions 

It  cannot  be  assumed  that  a  radume  found  sat¬ 
isfactory  for  use  with  one  system  will  neces¬ 
sarily  be  satisfactory  If  used  to  house  some 
other  radar  system.  Important  parameters  in 
radome  design  are  antenna  size,  antenna  scan 
angles,  radar  frequency,  type  of  polarization, 
and  locatlonof  antenna  within  the  radome.  Good 


electrical  radome  shapes  and  constructions  are 
not  necessarily  good  aerodynamic  or  structural 
designs,  and  the  criteria  by  which  parameters 
should  be  emphasized  or  changed  In  the  design 
compromise  vary  from  application  to  applica¬ 
tion.  For  example,  for  many  requirements, 
Sietnisphericai  shapes  with  wans  made  ol  ma¬ 
terial  with  low  dielectric  constant  and  a  few 
thousandths  of  an  Inch  thick  are  sufficient;  how¬ 
ever,  this  design  is  usually  unacceptable 
aerodynamically  or  structurally  for  most  cur¬ 
rent  radar  installations  in  aircraft.  Thus,  a 
compromise  is  necessary,  but  li  an  existing 
radome  is  being  considered  for  use  with  a  new 
radar,  a  complete  design  and  test  evaluation  Is 
in  order.  There  Is  some  evidence  that  blunting 
of  the  radome  nose  can  be  tolerated  electrically 
without  significantly  changing  the  aerodynamic 
characteristic,  but  sometimes  system  perfor¬ 
mance  can  be  Improved  only  at  the  cost  of  aero¬ 
dynamic  efficiency.  Radome  design  must  be 
conducted  through  the  cooperative  efforts  of  the 
radar  designer  and  the  systems  engineer  operat¬ 
ing  as  a  team.  Since  all  are  handicapped  by  the 
lack  of  rigorous  analytical  tools  for  electrical, 
aerodynamic,  structural,  and  environmental 
evaluation  of  a  proposed  design,  adequate  de¬ 
signs  require  considerable  discretion  on  the 
part  of  the  team.  It  cannot  he  stressed  too 
strongly  that  the  optimum  radome  design  for 
any  application  will  result  from  early  considera¬ 
tion  of  the  radome  as  an  Integral  part  of  the  ra¬ 
dar  system. 

4-4.  Objectives  of  Chapter 

In  the  present  chapter,  airborne  radomes 
which  require  pointing  accuracy  to  any  degree 
will  be  discussed.  A  brief  description  of  fire 
control  and  missile  guidance  systems  which  re¬ 
quire  these  types  of  radomes  Is  provided  to 
serve  as  a  general  basis  for  the  detailed  dis¬ 
cussion.  No  attempt  has  been  made  to  present 
complete  analyses,  since  the  primary  interest 
Is  on  radomes  for  these  systems,  not  on  the 
systems  themselves.  Following  the  descript  Ions 
of  the  systems,  sources  of  pointing  error  are 
described,  effectsof  these  errors  on  the  various 
systems  are  analyzed,  and  methods  of  predic¬ 
tion  and  of  correctlonof  radome  pointing  errors 
are  outlined. 


SECTION  B.  F1RJ5  CONTROL  RADAR  SYSTEMS 

4-5,  Production  (directional)  information  concerning  a  target, 

for  use  In  the  firing  of  the  plane's  armament. 
While  precise  measurement  of  the  range  can 
be  made  by  timing  the  radar  echo,  the  pointing 
accuracy  of  a  simple  radar  can  be  basically  no 


The  purpose  of  an  airborne  fire  control  radar 
system  is  to  supply  to  a  computer  (human  or 
electronic)  accurate  range  and  pointing  angle 
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better  than  the  beamwldth  of  the  antenna.  The 
antenna  beamwldth  la  approximately  a/D  {ra¬ 
dians.  vhere  a  la  the  wavelength  nl  the  radix, 
tlor.  and  D  Is  the  antenna  width,  or,  for  a  para¬ 
boloid,  the  diameter.  As  the  beam  width  gets 
narrower,  the  pointing  angle  accuracy  will  im¬ 
prove.  Since  a  beam  width  of  several  degrees 
is  typical  of  airborne  fire  cortrol  r.dar  an¬ 
tennas,  additional  features  are  required  in  the 
system  toprovide  the  desired  pointing  accuracy 
of  a  few  mllllradians,  which  Is  only  one  or  two 
hundredths  of  the  beamwldth.  The  basic  method 
of  obtaining  the  higher  accuracy  may  be  termed 
"lobe  comparison,"  and  the  numerous  variations 
of  the  method  may  be  classified  as  "time  se¬ 
quential"  and  "simultaneous." 

4  6,  Time  Sequential  Lobe  Comparison  Sys¬ 
tems 

The  time  sequential  classification  includes 
conical  scan  and  sequential  lobing  systems. 

Conical  Seen.  In  this  system  (Figure  4-1)  the 
antenna  beam  axis  Is  made  to  describe  a  cone 
in  space  by  the  rotation  of  an  offset  feed  or  a 
skewed  reflector.  Because  of  the  motion  of  the 
beam,  the  target  echo  will,  In  general,  vary  In 
time  and  produce  a  modulation  at  the  conical 
scan  frequency  of  the  received  r-f  signal.  The 
amplitude  of  this  modulation  la  proportional 
(for  small  errors)  to  the  angular  deviation  of 
the  target  true  llne-of-stght  from  the  antenna 
crossover  axis,  which  (for  no  pointing  error) 
Is  coincident  with  the  axis  of  rotation.  Error 
signals  In  both  azimuth  and  elevation  are  ob¬ 
tained  from  the  relation  of  the  phase  of  the  sig¬ 
nal  modulation  to  the  posUlon  of  the  rotating 


antenna  element.  D-c  voltages  drive  servos 
which  position  the  antenna  so  that  the  target  Is 

nn  fhn  jnrlo  CCSdltiC"  tJlC 

error  signals  are  zero.  The  antenna  thus  tracks 
the  target,  and  the  desired  pointing  Information 
obtained  from  gyros  on  the  antenna  or  from 
resolvers  at  the  antenna  gimbals. 

The  conical  scan  system  usually  incorporates 
a  mechanically  scanning  paraboloidal  antenna 
radiating  a  pencil  beam.  The  interna  rotates 
continuously  about  the  mechanical  axis  with  the 
antenna  set  at  an  angle  to  this  axis  such  that  the 
center  of  the  beam  describes  a  cone  In  space. 
The  included  angle  is  usually  less  than  the 
beamwldth.  A  target  falling  within  the  beam 
during  revolution  of  scan  will  return  an  echo 
that  Is  amplitude-modulated  as  the  beam  ro¬ 
tates.  This  modulated  signal  Is  used  as  an 
error  signal  for  positioning  the  Antenna.  Zero 
modulation,  or  a  "null"  of  the  fundamental  scan 
frequency,  means  that  the  antenna  crossover 
axis  Is  passing  through  the  target.  Since  angu¬ 
lar  accuracy  of  less  than  several  mllllradians 
Is  required  in  some  systems,  It  is  desired  that 
the  pencil  beam  pattern  remain  undlstorted 
during  scan  if  the  crossover  points  are  to  de¬ 
fine  a  point  and  not  an  irregular  volume.  In 
general,  however,  the  beam  Is  distorted  during 
the  scan  cycle.  This  distortion  produces  point¬ 
ing  errors  by  shifting  the  angular  position  of  the 
minimum  or  null  of  the  fundamental  scan  fre¬ 
quency.  At  the  null  the  amplitude  of  the  funda¬ 
mental  is  reduced  to  a  minimum,  but  In  general 
the  amplitudes  of  the  harmonics  are  not  reduced 
proportionately.  This  disproportionate  reduc¬ 
tion  Is  particularly  true  of  odd  harmonics, 
which,  at  the  null,  may  have  magnitudes  several 
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times  that  of  the  fundamental.  Thus,  It  Is  nec¬ 
essary  that  efficient  filters  be  provided  In  the 
syst-.m  to  prevent  pointing  errors  caused  by 
harmonics. 

Since  error  signals  are  required  for  only  two 
perpendicular  planes,  the  rotating  part  of  the 
antenna  need  assume  only  four  positions,  and 
the  continuous  conical  scan  motion  is  for  me¬ 
chanical  convenience  only. 

Sequential  Lob  lug.  A  time  sequential  radar 
system  which  provides  only  four  positions  In 
rotation  Is  the  "sequential  loblng"  type  (Fig¬ 
ure  4-%?.  The  sequential  loblng  antenna  has 
four  feed  apertures.  By  means  of  waveguide 
switches,  these  four  apertures  may  be  used 
Individually  In  sequence  to  provide  without  mo¬ 
tion  the  same  result  as  conical  scan  but  at  much 
higher  scanning  speeds  than  are  possible  mech¬ 
anically.  The  construction  of  sequential  lobe 
comparison  systems  Inherently  provides  a  fur¬ 
ther  advantage  over  conical  scan:  all  four  aper¬ 
tures  transmit  simultaneously;  only  one  re¬ 
ceives  at  a  time.  In  this  way  the  peak  of  the 
transmitted  beam  Is  on  the  crossover  axis, 
giving  a  larger  target  reflection  than  In  the 
conical  scan  system,  in  which  the  beam  peak  Is 
displaced  Iron?  e  crossove-  axis. 

4-7.  Simultaneous  Lobe  Comparison  Systems 
(MonopulsejT 

In  the  simultaneous  lobe  comparison  system 
complete  target  position  Information  is  obtained 
on  each  pulse  of  the  radar  set.  For  this  reason 
the  system  Is  commonly  called  monopulse. 


From  the  target  echo  the  monopulse  antenna 
derives  signals  which  give  the  range  of  the 
target  and  Its  direction  relative  to  the  axis  of 
the  antenna.  There  are  three  waveguide  ter¬ 
minals,  one  for  the  transmit  and  range  signal 
reception,  arvJ  one  each  for  ailmuth  and  ele¬ 
vation  error  signal  reception  (Figure  4-3).  The 
r-f  signals  which  appear  at  these  three  ter¬ 
minals  are  usod  to  provide  the  d-c  pointing 
error  voltages.  The  signals  picked  up  by  the 
feed  apertures  are  combined  in  such  a  manner 
that  their  sum  and  differences  are  obtained. 
Two  types  of  radiation  patterns  result  In  each 
plane,  a  Bum  pattern  (Figure  4-4)  and  a  dif¬ 
ference  pattern  (Figure  4-5).  The  sum  signal 
Is  us  id  for  search  operations  and  gives  the 
range  of  the  target.  The  sum  pattern,  obtained 
by  the  addition  In  phase  of  the  echo  signal  re¬ 
ceived  by  the  two  apertures  In  one  plane,  Is 
characterized  by  a  main  lobe  of  considerable 
directivity  along  the  antenna  axis.  The  dif¬ 
ference  pattern  for  any  one  plane  Is  obtained 
from  the  difference  between  the  echo  signal  as 
received  by  each  of  the  apertures  In  that  plane. 
From  these  signals  the  azimuth  and  elevation 
error  signals  are  obtained  by  comparison  of  the 
difference  signals  with  the  sum  signal  in  each 
plane  to  give  the  magnitude  and  direction  of  the 
pointing  angle  in  that  plane.  The  difference  pat¬ 
tern  has  two  main  lobes  and  a  null  on  axis.  The 
main  lobes  are  symmetrical  and  equal  for  a 
difference  pattern  plotted  in  power;  however,  the 
fields  associated  with  the  two  lobes  are  180  de¬ 
grees  out  of  phase,  and  the  r-f  voltage  appearing 
at  the  antenna  error  channel  terminals  varies 
with  angle  as  In  Figure  4-6.  (This  description 
assumes  perfect  symmetry  In  the  antenna.) 
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Flgut •  4-J.  Typical  DIHerenct  Rotation  Pattern  al  Moim/wh*  Antenna 


The  nonlinear  response  of  the  radar  receiver 
with  Its  automatic  gain  control  modifies  the 
orror  characteristic  so  that  the  final  d-c  error 
signal  which  controls  the  antenna  pointing 
servos  varies  somewhat  with  pointing  error,  as 
shown  In  Figure  4-7.  The  pointing  accuracy  of 
the  system  is  dependent  on  the  steepness  of  the 
overall  characteristic  near  zero.  If  the  noise  in 
the  system  has  an  amplitude  as  shown  In  Figure 
4-7,  small  error  signals  will  be  masked  by  the 


Figure  4-i.  R-P  Vo Itege  At  Error 
Terminal  a!  Antenna 


noise,  and  the  antenna  will  point  erratically  be¬ 
tween  the  angle  *p  and  -0,  A  steeper  character¬ 
istic  decreases  this  error.  The  steepness  of 
the  overall  characteristic  is  proportional  to  the 
slope  of  the  antenna  difference  voltage  charac¬ 
teristic,  and  it  is  desirable  to  design  the  antenna 
to  maximize  this  slope.  The  error  character¬ 
istic  is  an  Intrinsic  feature  of  the  antenna  and 
depends  on  the  aperture  Illumination. 

The  relative  level  of  the  noise  (Figure  4-7) 
depends  on  the  slgnal-to-noise  ratio,  so  that  the 
signal-to-nolse  ratio  in  the  final  error  signal 
output  determines  the  pointing  accuracy  of  the 
system,  The  overall  signal-to-nolse  ratio  is 
determined  by  the  r-f  signal  at  the  mixer,  and 
this  signal  depends  on  both  the  antenna-* rans- 
m  thing  and  the  error-receiving  characteristics. 
The  received  wave  is  a  reflection  of  the  trans¬ 
mitted  wave,  and  is  proportional  to  the  gain  of 
the  antenna  transmit  channel.  Thus,  a  true 
measure  of  the  antenna  error  sensitivity  must 
be  a  function  not  only  of  the  slope  of  the  antenna 
error  voltage  characteristic,  but  also  of  the 
antenna  transmit  channel  gain. 


135 


Fljur*  4-7.  D— C  Enot  VtlMft  Af  Stm 


Monopulse  systems  are  usually  classified  as 
phase  comparison,  amplitude  comparison,  or 
phase-amplitude  comparison,  depending  on  the 
characteristics  of  the  antenna. 

Phase  Comparison.  In  the  phase  comparison 
type  Uiero  are  always  two  or  more  apertures  in 
each  plane  that  are  fed  Independently.  The  tar¬ 
get  echoes  picked  up  by  the  two  apertures  are 
equal  In  amplitude  because  the  apertures  are 
oriented  together;  but,  when  the  target  is  not  on 
the  axis  of  the  antenna,  the  echoes  picked  up  by 
the  apertures  differ  in  phase,  since  one  aper¬ 
ture  of  the  antenna  is  closer  to  the  target  than 
the  other. 

Amplitude  Comparison.  In  this  monopulse 
system,  at  least  two  components  of  the  feed 
aperture  are  alined  In  each  plane  and  are  gen¬ 
erally  smaller  than  those  of  the  phase  com¬ 
parison  type  (since  there  Is  no  need  for  else  or 
geometric  separation  to  pick  up  several  phases 
of  the  Incident  wave).  The  target  echo  excites 
each  aperture  differently,  and  pointing  Informa¬ 
tion  Is  derived  from  the  resulting  amplitude 
difference. 

Pliaae- Amplitude.  In  this  system,  literally  a 
combination  of  the  other  two  types,  error  sig¬ 
nals  are  obtained  by  phase  comparison  in  one 
plane  and  by  amplitude  comparison  in  the  other. 

Monopulse  System  Errors.  In  any  of  the 
monopulse  antenna  systems,  pointing  errors 
can  arise  In  two  distinct  ways.  Phase  or  am¬ 
plitude  discrepancies  In  the  received  signals, 
which  result  from  asymmetries  in  the  feed 
structure  or  from  radome  refraction,  give  rise 
to  pointing  errors.  A  second  contribution  to  the 
pointing  error  arises  from  the  joint  effects  of 
the  radome  error  and  the  asymmetries  and  of 
phase  errors  between  the  parallel  receiver 
channels  which  are  required  in  a  monopulse 
system.  Signal  errors  in  phase  or  amplitude 
arc  always  present  to  some  degree,  since  the 
feed  structure  and  the  radome  cannot  be  per¬ 


fect.  Similarly,  phase  discrepancies  between 
receiver  channels  will  generally  be  present. 
For  satisfactory  system  performance,  however, 
it  1b  mandatory  that  both  sources  of  nointw  »»•- 
ror  be  minimized.  In  fact,  the  design  of  i-f  am¬ 
plifiers  with  satisfactory  phase  characteristics 
over  a  large  dynamic  range  constitutes  one  of 
the  major  problems  in  a  monopulse  system. 


A  constant  phase  distort  Ion  causes  the  antenna 
pointing  angle  to  deviate  a  fixed  distance  as  long 
as  the  frequency  is  constant;  however,  at  a  con¬ 
stant  frequency  variations  will  occur  In  the 
errors  Introduced  by  amplitude  distortions  in 
combination  with  phase  errors  between  receiver 
channels.  For  example,  for  a  phase  compari¬ 
son  system,  a  relationship  can  be  defined  to 
show  the  effect  on  the  pointing  axis  of  the  phase 
distortions.  If  the  total  width  of  the  feed  aper¬ 
tures  In  one  plane  is  2D,  so  that  the  effective 
separation  of  the  centers  of  the  two  component 
apertures  is  D,  the  phase  angle  f,  is  given  by 


where  e  Is  the  antenna  pointing  angle.  This  re¬ 
lationship  assumes  that  the  apertures  of  the  an¬ 
tenna  have  the  same  gain  and  receiving  pattern 
and  that  the  amplitudes  of  the  received  target 
echo  are  equal.  Differences  in  electrical  length 
0  between  the  connecting  waveguides  will  create 
a  pointing  error  which  will  causethe  position  of 
the  antenna  to  shift  to  the  angle  For  a 

factor  (2  n  D/k)  on  the  order  of  40,  the  e'rror 
in  9  is  about  2  1/2  percent  of  0.  With  an  an¬ 
tenna  of  this  size,  a  phase  error  of  10°  would 
shift  the  pointing  axis  about  4  mllliradlans. 
This  shift  in  itself  is  not  detrimental  (as  long 
as  the  frequency  is  constant),  since  it  merely 
defines  a  new  pointing  axis.  The  position  of  the 
new  axis,  however,  varies  with  frequency,  and 
it  is  the  shift  of  the  pointing  axis  with  frequency 
which  is  important.  The  phase  error  between 
feeds  may  result  from  structural  asymmetries 
in  the  feed,  or  it  can  result  from  radome  effects 
as  well.  Since  the  phase  errors  caused  by  the 
radome  vary  as  the  antenna  scans,  a  variable 
shift  in  pointing  axis  then  results,  even  with  a 
fixed  frequency.  The  major  sources  of  error 
for  both  phase  and  amplitude  comparison  mono¬ 
pulse  systems  are  indicated  in  Table  4-1. 


4-8.  Comparison  of  Monopulse  with  Time 
Sequertlal  Systems 
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Tail*  4-1 .  M»/«r  imitii  •/  Errara  I*  Slmmlfi 
Lti*  Camarilla  (fitaa 


Phase  Comparison  Antenna 

Primary  Error 

Primary  Error 

Phase  errors  In  feed  system 

Amplitude  errors  In  feed  system 

Secondary  Error 

Secondary  Error 

Amplitude  errors  in  feed 
(In  front  of  sum  and  dif¬ 
ference  circuit) 

Phase  errors  In  feed 

Plus  Phase  Errors  between 
receiver  channels 

Plus  Phase  errors  between 
receiver  channels 

The  essential  characteristic  of  both  the  con¬ 
ical  scan  and  sequential  loblng  systems  is  that 
they  measure  echoes  received  at  different 
times.  (See  Figure  4-6.)  The  monopulne  sys¬ 
tems,  on  the  other  hand,  derive  all  range  and 
pointing  Information  from  each  single  pulse 
echo  (Figures  4-9  and  4-1 0).  The  classification 
of  fire  control  antennas  as  simultaneous  lobe 
comparison  or  time  sequential  lobe  comparison 
Is  made  because  a  significant  advantage  of 
monopulse  appears  in  this  connection.  Since 
time  sequential loblng  entails  comparison  of  two 
echoes  separated  In  time,  changes  in  the  reflec¬ 
tive  properties  (scintillation)  of  the  target  or 
fluctuations  In  transmitted  power  can  cause 
false  error  signals.  For  the  same  re&Bon,  the 
sequential  system  is  vulnerable  to  certain  types 
of  jamming.  The  higher  scan  speed  obtainable 
by  sequential  loblng  with  waveguide  switches 
Instead  of  mechanical  motion  reduces  but  does 
not  eliminate  these  spurious  error  signals.  The 
monopulse,  deriving  complete  Information  from 
each  pulse,  Is  not  susceptible  to  these  elfects. 

An  advantage  monopulse  enjoys  over  conical 
scan,  although  not  necessarily  over  sequential 
loblng,  ts  a  greater  overall  angular  sensitivity, 
becauso  the  target  is  tracked  at  the  peak  of  the 
transmitted  beam.  In  conical  scan  the  target  Is 
tracked  at  the  beam  crossover,  which  Is  usually 
near  the  half-power  point.  The  voltage  sensi¬ 
tivity  is  essentially  equal  for  both  monopulse 
and  conical  scan  antennas,  but  the  overall 
angular  sensitivity  Is  less  for  the  conical  scan 
because  of  the  weaker  echo.  The  sequential 
loblng  antenna  can  be  designed  to  track  the  tar¬ 
get  at  the  peak  of  the  transmitted  beam  and  can 
avoid  the  power  toss  Inherent  in  the  coniqal 
scan.  However,  with  a  sequential  loblng  sys¬ 
tem,  the  r-f  noise  produced  In  the  received 
signal  by  existing  lobe  switching  tubes  is  a 
major  disadvantage. 


In  a  conical  scan  antenna,  input  impedance 
varies  with  rotation  of  the  scanning  mechanism. 
The  changing  load  presented  to  the  magnetron 
causes  fluctuations  both  In  frequency  and  in 
power.  A  unilateral  device,  such  as  a  ferrite 
gyraior,  Is  necessary  to  overcomethis  problem. 
The  input  impedance  of  a  monopulse  antenna 
remains  essentially  constant,  since  there  arc 
no  moving  elements  except  the  rotary  joints. 

Mechanically,  the  monopulse  antenna  Is  some¬ 
what  more  complex  than  the  conical  scan  type, 
but  there  are  no  moving  parts  In  the  antenna 
proper.  Since  the  antonna  feed  has  no  bearings 
or  drive  mechanisms,  the  monopulse  system  is 
less  subject  to  mechanical  breakdown.  Pres¬ 
surization  may  be  easier.  However,  the  ad¬ 
ditional  rotary  joints  which  are  necessary  11 
receiver  components  are  not  mounted  on  the 
antenna  are  an  added  complexity.  Although 
monopulse  antennas  vary  in  weight  from  type  to 
type,  they  compare  favorably  with  the  conlcul 
scan  when  the  weight  of  the  spin  motor  and  re¬ 
solver  Ir  considered. 

In  sequential  lobe  comparison  and  conical  scan 
systems,  the  pointing  error  Information  appears 
as  an  amplitude  modulation  of  the  received  sig¬ 
nal.  Only  one  channel,  Involving  one  rotary 
joint  In  each  gimbal  axis,  one  mixer,  and  one 
i-f  amplifier,  Is  necessary  to  carry  this  Infor¬ 
mation.  In  a  sense  this  single  channel  Is  time 
shared.  The  monopulse  system,  on  the  other 
hand,  deriving  complete  pointing  information 
from  each  pulse  echo,  cannot  time-share  one 
channel,  but  requires  two  or  three.  The  multi¬ 
plicity  of  receiver  components  and  rotary  joints 
adds  weight  and  complexity  and  tends  to  de¬ 
crease  the  electrical  reliability.  The  additional 
rotary  joints  may  be  avoided  by  mounting  some 
receiver  components  on  the  antenna,  although 
this  arrangement  adds  Inertia  to  the  antenna 
and  requires  the  use  of  flexible  cables.  The 


137 


decision  whether  to  sutler  the  additional  rotary 
joints  orto  avoid  them  by  placing  recelvercom- 


ponents  on  the  antenna  is  an  involved  one  which 
must  be  reached  lor  each  Darticuia  r  a  npl  j 
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SECTION  C.  GUIDANCE  SYSTEMS 


4-0.  General  Types 

Missile  guidance  gy stems  are  usually  defined 
In  terms  of  the  method  by  which  a  missile  re¬ 
ceives  Its  Information  abotd  the  target.  Missiles 
fall  loosely  Into  two  categories,  self-guided 
(or  self-contained)  and  remotely  guided  or  di¬ 
rected.  Self-guided  missiles  are  of  two  ty  pes: 
(1)  those  which  receive  Instructions  as  to  tar¬ 
get  position  and  trajectory  prior  to  launch  and 
carry  out  these  Instructions  by  responding  to 
some  form  of  contlnous  navigation  (long-range 
ballistics  missiles)  and  (3)  those  which  receive 
the  target  positional  Information  directly  during 


flight  andhomeonthatlarget  (homing  missiles). 
The  remotely  guided  or  directed  category  ot 
missiles  mav  receive  some  Instructions  before 
take  off,  but  receive  further  instructions  during 
the  entire  flight.  Missiles  which  fall  Into  this 
category  Include  the  "command-control"  and 
the  "beamridlng"  missiles.  In  actual  practice 
missiles  are  often  a  combination  of  types  of 
guidance;  the  midcourse  guidance  may  be  as  a 
directed  missile  or  as  a  beamridlng  missile, 
while  the  terminal  phase  may  utilize  self-guid¬ 
ance.  Current  guided  missiles  are  listed  for 
reference  in  Table  4-E,  grouped  according  to 
tactical  employment. 


Tati*  4-tl.  Currant  Mlat/lti  WJft  E/ocfnnfc  Guidance  * 


Missile 

Guidance 

Company  or  Country 

Alr-to-Alr 

♦Falcon  1,  3 

aemiactlve  radar 

Hughes 

Falcon  2,  4 

passive  1-r 

Hughes 

Sidewinder 

passive  1-r 

Philco 

♦Sparrow  I 

beamrider 

Sperry 

♦Sparrow  D 

active  radar 

Sperry 

♦Sparrow  M 

aemiactlve  c-w  radar 

Raytheon 

♦Velvet  Glove 

beamrider 

Canada 

Air- to- Surface 

Rascal 

inertial  and  radar  command 

Bell 

♦Crossbow 

paaaive  radar 

Radioplane 

Surf  ace-to- Air 

♦Bomarc 

command,  midcourse; 
active  radar,  terminal 
guidance 

Boeing 

Nike 

command 

Douglas 

♦Tales 

beamrider  midcourse; 
aemiactlve  radar, 
terminal  guidance 

Bendix 

♦Terrier 

beamrider 

Convalr 

♦Tartar 

Bemiactive  c-w  radar 

Convalr 

♦Hawk 

semiactive  c-w  radar 

Raytheon 

Stooge 

command 

Great  Britain 

♦Red  Shoes 

aemiactlve  radar 

Great  Britain 

Surface-to-Surface 

Corporal 

beamrider;  ballistic 
trajectory 

Firestone 

Regulus 

command 

Chance- V  ought 

*  Matador 

atran 

Martin 

♦Missiles  with  guidance  systems  which  require  boreslghttng  radomes  are  starred. 
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To  the  radome  designer  the  homing  missiles 
present  the  most  serious  problem.  Since  these 
missiles  seek  out  and  home  on  their  targets, 
their  antennas  are  carried  as  far  forward  as 
puaaiiiie,  so  mat  the  missile  fuselage  will  not 
interfere  with  the  guidance  operations.  A  nose 
or  leading  edge  position  for  the  antenna  places 
the  radome  in  an  extremely  strategic  spot.  It 
must  have  low  loss  and  high  pointing  accuracy, 
so  that  it  will  not  introduce  errors  into  the  tar¬ 
get  positional  information  and  cause  the  missile 
to  go  astray.  It  must  also  fulfill  paradoxical 
aerodynamic  considerations.  A  supersonic  mis¬ 
sile  needs  a  pointed  nose,  but  a  pointed  radome, 
solving  the  aerodynamic  problem,  creates  ad¬ 
ditional  electrical  ones.  A  blunt  radome  eases 
the  electrical  problem  and  complicates  the 
aerodynamic  one.  In  addition  to  these  problems, 
the  homing  missile  radome  must  possess  the 
physical  properties  necessary  to  withstand  the 
high  temperatures  of  supersonic  flight.  In  the 
present  state  of  the  art,  a  compromise  has  to  be 
made  in  which  the  three  problems  (physical, 
electrical,  aerodynamic)  are  resolved  for  each 
application. 

Some  design  is  also  required  in  radomes  for 
command-control  and  beamriding  missiles,  al¬ 
though  the  problem  Is  considerably  less  com¬ 
plicated  than  for  the  homing  missile  radomes. 
In  a  command-control  missile,  the  antenna  is 
usually  in  the  tail  or  wings;  in  a  true  boamrider 
the  antenna  is  in  the  rear.  Since  the  radome  is 
not  a  leading  surface,  it  does  not  have  to  meet 
as  stringent  physical  requirements,  and  tem¬ 
perature  and  material  strength  demands  are 
usually  lower.  The  radome  shape  is  often  not 
Important;  sometimes  the  antenna  is  merely  a 
slot  array  covered  with  plastic.  For  command- 
control  missile  radomes,  electrical  require¬ 
ments  are  not  especially  high.  Commands  may 
even  be  sent  to  the  missile  from  the  control 
radar  in  the  form  of  coded  information  by  a 
radio  link,  rather  than  by  radar.  But  for  beam- 
rlders,  pointing  accuracy  of  the  radome  must  be 
high,  since  the  missile  must  ride  the  center  of 
the  beam  to  hit  the  target.  In  addition,  many 
beamrlders  utilize  some  type  of  homing  system 
for  terminal  guidance,  so  that  their  radomes 
must  meet  the  same  stringent  requirements  as 
those  of  homing  missiles.  Plan  views  of  several 
guided  missiles  which  require  radomes  are 
shown  in  Figure  4-11. 

4-10.  Self-Contained  Guidance  Systems 

There  is  a  growing  interest  In  long-range  air- 
to-surface  and  surface-tg-surface  missiles. 
These  missiles  maybe  used  whenthe  target  po¬ 
sition  is  known  before  launch  and  is  not  likely 
to  change  during  the  missile  flight  time.  They 
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may  have  any  of  the  several  types  of  guidance 
systems  b?it  the  emphasis  is  on  a  ballistics 
approach  for  the  greater  portion  of  the  flight 
(for  example,  the  North  American  Navaho,  the 
Chrysler  Redstone,  and  the  Convalr  Atlas).  In¬ 
formation  about  target  position  is  first  supplied 
to  the  launching  station  at  which  it  is  used  to 
preset  the  desired  trajectory  into  the  missile. 
During  flight  the  missile  maintains  the  set  tra¬ 
jectory  by  some  form  of  continuous  navigation, 
such  as  automatic  celestial  or  inertial  guidance. 
In  these  forms  of  navigation  the  missile  knows 
the  position  of  the  target  relative  to  the  point  of 
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departure  and  can  determine  its  own  current 
position  from  Its  velocity  and  direction  in  re¬ 
lation  to  some  fixed  poLnt.  Ir.  Inertial  guidance, 
the  fixed  points  are  the  coordinates  of  the 
starting  point  with  reference  to  a  system  of  free 
gyroscopes  and  accelerometers.  In  celestial 
guidance,  the  points  are  the  sun  or  the  stars 
with  reference  to  time. 


virtually  unlimited  size.  The  semiactive  homing 
missile  has  the  optimum  combination  of  desir¬ 
able  factors  for  many  applications:  it  is  highly 
accurate  and  highly  directional;  it  is  lighter  in 
weight  and  less  complicated  than  the  active 
seeker;  it  can  find  a  target  when  the  target  is 
not  radiating  energy,  a  seeking  characteristic 
which  the  passive  missile  does  not  have;  and  it 
is  longer  ranged  than  active  seekers. 


Homing  Missiles.  Continuous  navigation  is  of 
little  use,  however,  when  the  target  is  likely  to 
change  position  during  flight,  such  as  with  a 
maneuvering  aircraft,  or  when  external  target 
information  is  inaccurate.  For  these  applica¬ 
tions  the  homing  nr'ssiles  are  best  adapted. 
They  can  be  used  as  air-to-air,  air-to-surface, 
surface-to-air,  and  terminal  guidance  of  sur¬ 
face-to-surface.  These  missiles  are  equipped 
with  "seekers,"  some  combination  of  receiving 
and  computing  mechanisms  capable  of  deter¬ 
mining  a  llne-of-slght  to  a  target  and  homing  on 
it.  Basically,  the  seeker  may  be  one  of  three 
types.  It  may  be  active  (Figure  4-12a),  a  sys¬ 
tem  in  which  the  missile  carries  both  trans¬ 
mitter  and  receiver.  Energy  generated  by  the 
missile  transmitter  is  reflected  by  the  target, 
picked  up,  and  acted  upon  by  the  missile  re¬ 
ceiver.  It  may  be  semiactive  (Figure  4-12b),  a 
system  in  which  the  missile  carries  only  a  re¬ 
ceiver,  and  the  target  is  illuminated  by  energy 
generated  by  the  launching  aircraft  or  by  some 
other  radar.  The  missile  picks  up  and  homes 
on  the  reflected  signal.  It  may  be  passive  (Fig¬ 
ure  4-12c),  a  system  in  which  the  missile 
carries  only  a  receiver;  the  signal  on  which  It 
homes  is  generated  by  the  target.  No  external 
source  of  illumination  other  than  that  from  the 
target  is  necessary. 

Both  active  and  semiactive  seeker  systems 
utilize  radar,  but  the  passive  seekers  can  be 
designed  to  home  cn  r-f  energy,  infrared  en¬ 
ergy,  sound  energy,  or,  theoretically,  any  other 
type  of  energy.  Since  the  radome  by  definition 
is  associated  only  with  radar  missiles,  the  dis¬ 
cussion  of  seeker  missiles  will  assume  that 
only  r-f  energy  Is  involved.  Examples  of  typical 
radar  seekers  include  the  Hughes  Falcon  1  and 
3  (semiactive),  Radioplane's  Crossbow 
(passive),  the  Convair  Tartar  (semiactive),  and 
terminal  guidance  of  the  Bomarc. 


Passive  seekers  have  the  strategic  advantage 
of  not  announcing  their  presence  to  the  target, 
since  no  form  of  external  illumination  ispresent 
to  warn  the  target.  Active  and  3emiactive  sys¬ 
tems  are  used  when  larger  amounts  of  power 
are  required  from  the  target,  the  semiactive 
seeker  giving  the  largest  power  of  all  because 
the  transmitter,  if  on  the  ground,  can  be  of 


Direct  Pursuit  Trajectory.  The  homing  mis¬ 
siles  can  fly  several  types  of  trajectories.  The 
simplest  and  best  known  is  the  direct  pursuit 
course  in  which  the  missile  always  aims  di¬ 
rectly  at  the  target.  The  only  information  re¬ 
quired  about  the  target  is  its  bearing,  that  is, 
the  direction  of  the  line-of-sightfrom  missile  to 
target.  The  missile  then  merely  has  to  keep  its 
velocity  vector  coincident  with  the  line-of-sight. 

A  fixed,  forward-looking  seeker  is  employee, 
which  detects  any  deviations  between  the  mis¬ 
sile  axis  and  the  line-of-sight  and  then  sends 
corrective  signals  to  the  control  surfaces.  The 
equations  for  the  ideal  pursuit  course  may 
easily  be  derived  in  terms  ofthe  missile-target 
range  R  and  the  angle  &  between  the  llne-of- 
sight  and  the  target  velocity  vector.  The  fol¬ 
lowing  relations  hold  for  a  nonmaneuvering 
‘arget. 


R  =  Vt  cos  /fi  -  Vm  (4-2) 


— •  =  -  Vt  sin  P  (4-3) 

in  which  VV  is  target  velocity  and  Vm  missile 
velocity.  As  the  missile-target  range  ap¬ 
proaches  zero,  the  angle  between  the  line-of- 
sight  and  the  target  velocity  vector  also  ap¬ 
proaches  zero,  so  that  the  missile  always  ends 
up  in  a  tail  chase.  The  terminal  acceleration 
is  given  by 


m 


=  V 


m 


/2  = 


(° 

i  4VmVt  sin  /i0 
i  R0  (1 +cos/5q)2 


if  l<k<2 
if  k  =  2 


if  k  >  2 


(4-4) 


where  (Ro,  /3q)  and  k  -  Vm/Vt  denote  the  Initial 
conditions.  The  terminal  acceleration  called 
for  becomes  infinite  for  speed  ratios  greater 
than  2:1.  In  any  case,  the  missile  path  is  con¬ 
tinuously  curved;  two  examples  of  trajectories 
are  shown  In  Figure  4-13. 

Pure  pursuit  .vigation  requires  the  missile 
to  follow  a  curved  trajectory  even  against  a 
straight -flying  target,  thereby  using  up  a  good 
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part  of  Its  acceleration  capability.  In  addition, 
since  the  missile  must  also  be  capable  of  cor- 
rectlng-out  Initial  aiming  errors,  overcoming 
gravity  and  drifts,  and  following  target  man¬ 
euvers,  a  pursuit  missile  would  have  to  be  pro¬ 
vided  with  very  high  maneuverability  In  order 
to  be  at  all  effective. 

Constant-Bearing  Trajectory.  A  more  de¬ 
sirable  trajectory  is  one  In  v/’ilch  the  missile 
velocity  leads  the  ltne-m  sight  by  just  the 
right  angle,  so  that  for  a  nonmaneuvering  tar¬ 
get  the  missile  flies  a  stralght-Une  path  to 
collision,  as  illustrated  In  Figure  4*14.  The 
characteristic  feature  of  this  type  of  navigation 
is  the  constant  bearing  In  space  of  the  line-of- 
slght,  achieved  by  the  alinement  of  the  relative 
missile-larget  velocity,  with  the  line-of-sight 
(rather  than  the  actual  missile  velocity,  as  in 
pursuit  course  navigation);  in  target  coordi¬ 
nates,  therefore,  the  missile  will  appear  to  be 
coming  in  straight  at  the  target,  though  pointed 
off  by  Ihe  lead  angle.  It  is  not  difficult  to  show 
that  if  the  missile  can  keep  the  line-of-sight 
bearing  constant,  a  collision  will  always  occur 


even  if  the  target  should  maneuver.  Unfortu¬ 
nately,  such  constant-bearing  navigation  re¬ 
quires  the  missile  to  be  able  to  detect  and 
correct  instantaneously  any  changes  in  the 
line-of-sight  direction. 

Proportional  Navigation.  A  more  practical 
scheme  for  an  actual  missile  is  so-called  pro¬ 
portional  navigation.  As  long  as  the  missile 
remains  on  a  collision  course,  as  Indicated  by 
zero  rotation  of  the  ltne-of-slght,  no  steering 
commands  are  given;  any  rotation  of  the  line- 
of-sight,  Indicating  departure  from  a  collision 
course,  is  detected  by  the  missile,,  which  then 
turns  at  a  rate  proportional  to  this  rotation  in 
such  a  direction  as  to  reduce  the  ltne-of-slght 
rate  and  get  back  onto  a  constant-bearing  course. 
Thus  if  y  and  a  denote,  respectively,  the  bear¬ 
ing  angles  of  the  missile  velocity  and  of  the 
llne-of-stght,  both  measured  relative  to  any 
fixed  reference  lines,  then  the  missile  steers 
so  as  to  satisfy 

>=K„  (4-5) 

where  K  is  a  constant,  typically  between  3  and  5. 
(A  discussion  of  the  effect  of  radome  errors  on 
this  type  of  missile  navigation  Is  introduced  in 
paragraph  4-31.) 


point  of 
collision 
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4-11.  Remote  Guidance  or  Direction  Systems 

Remote  guidance  or  dlrect'on  systems  are 
those  in  which  Information  .s  continuously 
transmitted  to  a  missile  from  an  external  sta¬ 
tion  during  the  missile  flight  time.  Command- 
control  and  beamriding  missiles  come  under 
this  type  of  guidance.  They  are  used  when  in¬ 
formation  about  the  target  can  be  more  accu¬ 
rately  estimated  at  some  location  other  than  the 
missile.  United  States  missiles  which  utilize 
this  type  of  guidance  include  the  Sparrow  I,  the 
Terrier,  and  the  Corporal  (beaniriders)  and  the 
Bomarc,  the  Nike,  and  the  Hegulus  (command- 
control).  (See  Table  4-II.) 

4-12.  Beamriders  and  Command  Control 

The  beamrlder  missile  literally  rides  a  radar 
beam  lo  the  target  (Figure  4-15).  The  launcher 
(platform  or  aircraft)  tracks  the  targe*  and, 
through  Its  radar  tracking  beam,  lays  down  the 
direction  to  the  target  along  which  the  missile 
must  fly.  To  keep  In  the  center  of  this  beam, 
the  missile  must  be  able  to  determlne(and  cor¬ 
rect)  any  deviation  it  may  have  from  the  center 
of  the  beam.  A  simple  method  is  through  the 
addition  of  a  small  nutation  to  the  beam  (conical 
scan).  The  signal  received  by  a  rearward- 
looking  antenna  on  the  missile  will  then  be  am¬ 
plitude  modulated  whenever  the  missile  gets  off 
axis,  the  amount  of  modulation  being  roughly 
proportional  to  the  position  error,  For  a  sur¬ 
face-to-air  beamrlder  missile  the  launch  point 
is  fixed.  The  lower  the  missile-to-target  speed 
ratio,  the  greater  the  missile  acceleration  re¬ 
quired  to  stay  in  the  beam.  The  maximum 
acceleration  occurs  at  the  end  of  the  flight 
where  the  missile  acceleration  called  for  by 
tracking  noise  (beam  wander)  is  also  greatest. 
A  more  important  disadvantage  of  beamrlder 
missiles  is  the  reduction  in  accuracy  with  an 
increase  in  launcher-to-target  range.  The 
width  of  the  tracking  beam  increases  as  a  func¬ 
tion  of  range,  so  that  at  the  target,  where  the 
least  dispersion  of  the  missile  about  the  beam 
axis  is  most  desired,  the  maximum  dispersion 
occurs. 

Because  of  this  limitation  additional  icch- 
niques,  such  as  a  homing  device,  are  required 
for  accurate  terminal  guidance.  To  improve 
accuracy,  as  fine  a  pencil  beam  as  possible 


should  be  used  Thto  requirement,  howevci , 
further  aggravates  the  problem  of  beam  entry 
and  capture  which  is  particularly  acute  for  air- 
to-air  missiles.  These  must  be  launched  fur- 
ward  along  the  airplane  axis  while  the  tracking 
beam  may  be  offset  through  an  appreciable  angle 
(except  for  near  tail  and  near  head-on  attacks), 
A  wider  capture  beam  for  initial  guidance  could 
be  used,  or  the  launching  aircraft  could  fly  a 
pursuit  course  initially  until  the  missile  starts 
to  guide,  and  then  could  turn  sharply  to  try  to 
achieve  a  constant-bearing  course  in  order  to 
minimize  missile  acceleration  required  byline- 
of-sight  rotation. 

With  beamriding  missiles,  the  launcher  tracks 
the  target  and  launches  the  missile  down  the 
tracking  beam;  with  the  command-control  mis¬ 
siles  the  launcher  tracks  both  target  and  mis¬ 
sile,  and  on  the  basis  of  these  data  transmits 
suitable  commands  to  the  missile  to  enable  it  to 
locate  the  target  (Figure  4-16),  The  missile 
picks  up  signals  only  from  the  launcher,  usually 
by  means  of  a  receiver  located  in  the  tail.  In 
practice  most  command-control  guidance  sys¬ 
tems  require  separate  radar  beams  to  track  the 
target  and  missile.  From  their  relative  posi¬ 
tions  a  computer  at  the  launching  station  cal¬ 
culates  the  optimum  path  for  the  missile  and 
sends  it  corresponding  commands.  This  path 
will  in  general  not  be  along  the  launcher-target 
beam;  for  a  surface-to-air  missile,  for  exam¬ 
ple,  a  desirable  trajectory  may  be  one  which 
rises  nearly  vertically  initially  to  get  the  mis¬ 
sile  out  of  the  dense,  high-drag  lower  atmos¬ 
phere  as  rapidly  as  possible  to  conserve  speed, 
anrl  which  goes  over  into  a  near-constant-bear- 
1  oirse  during  the  terminal  phase. 

An  advantage  of  command  guidance  is  the 
greater  electronic  simplicity  it  offers  over 
homing  missiles.  All  the  computing  and  track¬ 
ing  equipment  is  located  at  the  launcher,  and 
the  missile  has  only  to  carry  a  receiver  and  a 
steering  system.  With  the  exception  of  the  V-l 
and  V-2,  all  of  the  guided  missiles  (more  than  a 
dozen)  developed  during  World  War  II,  mostly 
by  Germany,  were  of  the  command  type.  Only 
as  miniaturization  and  component  reliability 
have  advanced  has  it  become  possible  to  utilize 
the  more  sophisticated  systems  of  guidance 
which  give  guided  missiles  independence  from 
their  launching  sites. 
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H,  =  information  on  forget  position  (and  velocity) 
Hj  *  information  on  missile  position  (and  velocity) 
Hj  »  commands  from  operotor  or  computer  at 
launching  station 
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SECTION  D,  SOURCES  OF  POINTING  ERRORS 


4-13.  Sequential  Lobe  Comparison 

In  sequential  lobe  comparison  radars,  the  an¬ 
tenna  attempts  to  point  in  that  direction  for 
which  the  signals  received  by  the  radar  are  the 
same  at  all  parts  of  the  scan.  Looked  at  in  two- 
dimensional  cross  section,  the  scan  reduces  to 
an  alternation  between  two  antenna  directions. 
The  target  appears  to  be  at  the  point  at  which  the 
patterns  for  the  two  directions  cross.  In  actual 
practice,  because  the  lobes  in  a  scan  cycle  are 
not  quite  symmetrical,  the  positions  of  the 
crossover  points  vary  as  the  antenna  scans,  so 
that  the  antenna  points  along  an  axis  which  is  an 
average  of  the  crossover  points  of  the  entire 
scan  cycle.  A  variation  in  the  antenna  cross¬ 


over  axis  produces  a  modulated  r-f  signal  which 
has  a  modulation  amplitude  proportional  (for 
small  errors)  to  the  angular  deviation  of  the  true 
line-of-sight  to  the  target  from  the  crossover 
axis.  This  modulated  signal  is  the  tracking 
signal,  and  when  there  is  zero  modulation  or  a 
null,  the  antenna  is  on  target. 

4-14.  Slmul.aneous  Lobs  Comparison 

In  simultaneous  lobe  comparison  radars,  the 
antenna  attempts  to  point  along  the  peak  of  the 
transmitted  beam.  The  different  receivtngaper- 
tures  in  the  antenna  receive  slightly  different 
signals  (varying  in  phase  or  in  amplitude  or  in 
both,  d^pendtngon  the  type  of  system),  which  arc 
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converted  to  tracking  signals  by  the  antenna 
circuits.  Any  effect  which  alters  the  locus  of 
tho  crossover  points  (conical  scan)  or  thephase 
or  amplitude  of  the  received  r-f  signals  (mono¬ 
pulse)  Introduces  a  pointing  error  Into  the  sys¬ 
tem.  Those  errors  caused  by  the  radome  which 
produce  such  effects  are  called  the  radome 
pointing  errors  or  radome  boreslght  errors,  or 
simply  radome  errors. 

4-15.  Radome  Errors 

In  the  discussion  of  the  sources  of  radome 
errors,  the  chief  sources  are  classified  first, 
very  simply.  Estimates  only  of  their  relative 
Importance  are  provided  and  the  methods  used 
are  deliberately  approximate.  Results  are  to 
betaken  as  suggestive  of  the:  order  of  magnitude 
only,  having  the  merit  of  giving  definite,  under¬ 
standable  numerical  valuep.  The  suggested 
compensations  are  Intended  to  Indicate  only 
general  approaches.  Specific  correction  tech¬ 
niques  are  described  In  Section  G.  It  Is 
assumed  In  the  discussion  that  the  radar  Is  one¬ 
way;  If  the  radar  is  send-recetve,  many  of  the 
error  estimates  should  be  doubled. 

The  effect  of  the  radome  on  Incident  polariza¬ 
tion  Is  thought  to  be  of  sufficient  Importance  to 
merit  detailed  discussion.  Radome  error  dif¬ 
ferences  due  to  changes  In  polarisation  (either 
received  or  transmitted  or  both)  are  quite  sig¬ 
nificant.  Experimentally,  It  Is  usually  possible 
to  measure  the  errors  Introduced  by  the  changes 
In  polarization  without  too  much  difficulty,  a 
procedure  which  is  not  always  true  for  other 
types  of  errors.  And  polarization  errors  ara 
measurable  with  both  large  and  small  radomes, 
Other,  typeaof  errors  often  disappear  asthe  an- 
tenna-radome  system  Increases  In  size.  It  Is 
felt  that  reduction  of  the  errors  caused  by  po¬ 
larization  changes  would  often  reduce  the  total 
radome  error  sufficiently. to  fall  within  speci¬ 
fications.  If  radome  errors  could  be  made  the 
same  for  all  types  of  polarization,  they  could 
probably  be  reduced  to  specifications  In  most 
designs. 

4-16.  Refraction 

Because  the  radome  surfaces  are  curved,  an 
incident  wave  does  not,  In  general,  emerge 
parallel  to  itself.  This  situation  is  true  even 
when  the  Inner  and  outer  surfaces  of  the  radome 
are  parallel.  In  these  circumstances,  the  di¬ 
rection  of  an  incoming  wave  Is  shifted  towards 
the  outer  normal  at  the  point  of  incidence,  as  It 
enters  the  wall,  and  away  from  the  Inner  normal 
as  It  emerges  from  the  wall, 


If  the  radome  Is  replaced  by  concentric 
circles,  as  In  Figure  4-17,  the  direction  of  shift 
can  be  examined  more,  closely  with  the  aid  of 
simple  ray  optics.  At  the  point  of  incidence  tne 
outer  normal  Ny  Is  constructed,  and  at  the  point 
of  emergence  the  Inner  normal  N2  Is  con¬ 
structed.  The  angle  at  the  center  formed  by  the 
two  normals  Is  called  c.  With  reference  to 
Figure  4-17,  61  =  (flj  +c),  since  $2  Is  an  ex¬ 
terior  angle  of  tne  long  triangle.  In  a  medium 
in  which  the  Index  of  refraction  n  Is  greater 
than  one,  the  angle  of  refraction  Increases  more 
slowly  than  the  angle  of  Incidence.  As  the  angle 
of  refraction  Is  Increased  from  03  to  ( 03  +c), 
the  corresponding  angle  of  Incidence  increases 
from  04  to  a  value  larger  than  (#4  +c).  Thus, 

v1>  0 4  +  c  (4-6) 

This  expression  shows  that  the  deviation  Is 
toward  the  normal. 

Magnitude.  In  many  situations  the  effect  of 
beam  refraction  alone  is  sufficient  to  cover  all 
the  observed  deviation.  Simple  optical  ray 
tracing  will  often  give  an  approximate  magni¬ 
tude  of  what  the  theoretical  radome  boreslght 
error  is  for  one  particular  design  and  polari¬ 
zation.  However,  this  type  of  analysts  does 
not  account  for  all  the  various  types  of  polari¬ 
zation  which  might  be  incident  or.  the  radome. 
From  optical  methods,  the  beam  deviation  for 
small  radomes  caused  by  refraction  Is  on  the 
order  of  0.8°  In  reasonable  cases.  To  obtain 
this  estimate  of  magnitude,  from  Figure  4-17, 
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Lengyel  equation  for  beam  distortion.**  That 


sin  =  n  sin  6 ^ 

(4-7) 

portion  of  their  equation  which  expresses  the 
rtjfia j'snt in  1  attenuation  can  be  written 

#3  ~  e2  '  e 

(4-8) 

t'Q 

«-r(“2-al)  (4-11) 

sin  84  =  n  sin  tfg 

(4-9) 

•5 

where  n  =  ~  Index  of  refraction. 


The  first  expression  gives  82  >  t*,e  second  then 
gives  0g,  and  the  third  gives  84,  all  In  terms  of 
By  The  deviation  is 

(£*4  +  c)  -  8\  (4-10) 

and  Is  known  In  terms  of  0 j  and  c.  The  value 
of  c,  which  involves  the  radome  thickness,  is 
obtained  by  plane  geometry.  The  calculation 
outlined  Is  presented  in  full  in  Reference  1  with 
graphical  representation  and  specialization  to 
half-wave  radomes.  Independent  computation 
from  two  of  the  curves  yields  \the  value  0.85° 
for  an  unfavorable  but  not  untypical  case. 

Compensation,  The  effect  of  refraction  can  be 
partially  corrected,  sometimes,,  by  the  intro¬ 
duction  of  a  taper  in  the  radome  wall  thickness 
(see  Section  G)  or  in  the  thickness  of  the  inner 
layer  for  sandwich  radomes.  | 

4-17.  The  Cavity  Effect  (Antenna  —  Radome 
Interaction)  T~ 

Even  when  the  antenna  is  matched,  there  is 
reradiatlon  of  received  power.  The  area  be¬ 
tween  antenna  and  radome  can  be  'considered 
to  behave  like  a  very  low  Q  cavity.  As  the 
distance  between  the  two  changes,  the  cavity 
goes  into  and  out  of  resonance,  producing  cor¬ 
responding  changes  in  the  power  received  by 
the  antenna.  The  effect  is  approximately  per¬ 
iodic,  in  many  situations,  with  the  period  equal 
to  x/2.  Because  the  change  In  distance^ covering 
the  range  of  maximum  to  minimum  received 
power  is  only  x/4,  it  Is  quite  possible  for  the 
power  to  be  at  a  maximum  for  one  lpbe  of  a 
lobe-switching  or  conical-scan  system  and  at  a 
minimum  for  another.  The  crossover  shifts 
position  accordingly,  ■ 

1 

The  cavity  effect  can  also  be  described 'from  a 
viewpoint  In  which  the  radome  is  regarded  as  a 
tuner  which  Increases  or  decreases  the  antenna 
mismatch,  depending  on  its  position.  1 

Magnitude,  The  magnitude  of  the  cavltv  effect 
can  be  calculated  for  small  radomes  from  ex¬ 
perimental  data2  with  the  use  of  the  Barker - 


where  b  =  radome  error 

ay  »2  =  the  fractional  decrease  In  the 
maximum  power  at  the  opposite 
scan  positions  with  radome 
mounted 

2  0q-  half -power  beamwidth  of  the  un- 
distorted  patterns  (crossover  at 
hall -power  points). 

This  effect  can  be  experimentally  checked  if 
position  of  the  crossover  points  versus  distance 
from  antenna  to  radome  Is  measured.  The  cur¬ 
vature  of  the  radome  gives  a  changing  aspect, 
which  superposes  a  trend  on  the  expected  peri¬ 
odic  effect.  When  tnis  trend  is  subtracted,  a 
sinusoidal  half-wave  residual  may  result  with 
an  amplitude  which  gives  the  measure  of  the 
cavity  effect.  Correlation  with  the  known 
"cavity"  properties  (that  Is,  with  experimental 
transmission  versus  distance)  makes  possible 
the  checking  of  the  calculation  of  the  beam  shift 
from  differential  lobe  attenuation. 

For  large  radomes,  the  curvature  also  changes 
the  Impedance  of  the  radome,  but  experimental 
measurements  on  large  pointed  radomes  indi¬ 
cate  that  the  variation  in  voltage  standing  wave 
ratio  (VSWR)  with  offset  angle  Is  very  low. 

Compensation.  The  radome  error  introduced 
by  the  cavity  effect  is  directly  proportional  to 
the  amplitude  reflection  coefficient  of  the 
radome. 

4,-18.  Variation  of  Transmission  Coefficients 

Closely  allied  to  the  refraction  and  cavity  ef¬ 
fects  Is  the  error  Introduced  by  the  variation  of 
radome  transmission  with  angle  of  Incidence. 
One  lobe  of  the  scan  is  Incident  on  the  radorne 
at  one  angle,  the  other  lobe  at  another  angle; 
and  the  attenuation  of  each  is  different.  Com¬ 
putation  of  these  attenuations  must  take  due 
account  of  depolarization  (see  paragraphs  4-23 
through  4-29).  Because  the  important  rays 
from  an  antenna  do  not  all  emanate  from  one 
point  (not  even  from  the  poi-k  at  infinity),  the 
effect  of  different  transmission  coefficients  at 
different  incidences  can  be  obviated  by  the  use 
of  a  log  spiral  for  the  radome  surface.  This 
type  of  design  only  insures  that  a  particular 
family  of  rays  will  see  the  same  incidence 
angle. 


The  transmission  coefficient  should  really  be 
conceived  of  as  an  Integration  over  a  range  of 
incidence  angles,  with  due  regard  to  the  Impor¬ 
tance  of  the  various  rays  being  considered. 
Since  the  summation  over  the  emerging  rays 
must  take  account  of  phase,  the  average  am¬ 
plitude  transmission  depends  also  on  the  phase 
of  the  transmission.  The  effect  of  the  trans¬ 
mission  coefficients  la  really  entangled  with 
that  of  refraction.  Since  wavefronts  and  not 
separate  rays  are  Incident  on  the  radome,  the 
variation  In  phase  shift  along  the  wave  front  as 
it  passes  through  the  radome  Is  the  decisive 
factor  In  producing  the  error.  A  great  many 
changes  are  Introduced  Into  the  emergent  wave 
at  any  one  Instant,  and  the  result  Isa  composite 
shift  In  the  wave  front.  A  beam  deviation  may 
be  predicted  for  a  given  lobe  of  the  scan  even  11 
the  radome  transmits  100  percent  over  the 
whole  range  of  Incidence  angles. 

Magnitude.  For  small  antennas  and  radomes 
the  effect  of  transmission  coefficients  on  beam 
deviation-  cin  be  on  the  order  of  0.3C.  The  effect 
decreases  with  increase  in  antenna- radome 
size  and  decrease  of  fineness  ratio. 

4-19.  The  Phantom  Feed 

The  radome  wall  Is  close  to  the  feed,  espe- 
cit  iy  at  certain  parts  of  the  scan.  The  wall 
produces  a  feeble  Image  of  the  feed,  and  the 
source  which  the  paraboloid  (reflector)  sees  Is 
probably  a  distributed  source  consisting  of  the 
feed  together  with  this  Image.  Compensation 
can  be  accomplished  by  keeping  the  reflection 
low  (paragraph  4-20)  and  the  spillover  small. 

4-20.  Interference  by  Reflection 

The  entire  antenna  maybe  reflected  in  the  ra¬ 
dome  wall,  on  a  bulkhead,  or  In  a  fuselage  (Fig¬ 
ure  4-18).  Antenna  spillover  (excess  r-f  en¬ 
ergy  from  the  feed  which  Is  not  contained  with¬ 
in  the  dish  aperture)  will  often  strike  the  bulk¬ 
head,  portions  of  the  fuselage,  and  the  radome 
mounting  rings  which  are  back  of  the  antenna, 
This  energy  is  reradiated  and  may  introduce 
false  signals.  The  overall  antenna  pattern  Is 
the  pattern  of  this  composite  system,  which 
changes  In  the  course  of  the  scan  as  the  amount 
of  spillover  varies.  As  the  pattern  changes,  the 
crossover  locus  also  changes. 

Magnitude.  Interference  tn  the  beam  by  re¬ 
flection  gives  deviations  of  about  0,05°  for  a 
radome  with  10  percent  reflection  and  of  about 
0.3°  for  a  bulkhead  with  60  percent  reflection. 
These  magnitudes  are  for  a  3-tnch  antenna; 
for  larger  antennas  the  effect  is  smaller. 


Flgim  4-16.  Imago  at  Anfaniw  In  Radome  or  Fl/iolago 


Estimates  of  the  magnitude  can  be  obtained 
through  the  use  of  the  geometry  of  the  antenna 
and  Its  linage  (Figure  4-19).  Tho  amplitude 
pattern  of  ths  antenna  is  A (9)  and  that  of  the 
image  ts  rA(-  &),  where  r  Is  the  effective  re¬ 
flection  coefficient.  E>ch  pattern  Is  referred 
to  the  vertex  and  axis  of  Its  own  antenna.  The 
pattern  of  the  composite  system  Is 


Aj  (0)  =  MS)  +  rA  (2*  -  S)e 


,2wd 

'JtcT 


(4-12) 


where  d  Is  the  distance  Indicated  in  Figure 
4-19. 

The  antenna  Is  cocked  through  offset  angles 
-fa and  -a,  The  angle  s  is  then  found  at  which 
the  two  powers,  for  *c.,  are  equal.  For  an  un¬ 
perturbed  pattern,  the  crossover  Is  a  root  s  of 


A(e  +  a)|2  =  |A(e  -  a)p 


(4-13) 
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If  A (0)  is  symmetrical,  as  is  assumed,  then 
e  =  0  is  a  rout,  so  that  the  value  of  the  new 
crossover,  for  Aj(tf),  is  actually  the  value  of 
the  error  which  the  image  introduces.  Hence, 
the  error  is  the  root  0,  near  8  -  0,  of 


A (8  +  a)  +  rA(2y>  -  0  +  a)e 


,2vd 

-ix0 


=  (4-14) 


2 

2nd 

Af5-  “)  +■  rA(2tf  -  8  -  a)o  0 

A (£>-  a)  +  ae^T^" 

This  root  can  be  found  by  Newton's  method: 


0  i  =5(i- 


Wq) 

n*)n 


(4-15) 


where  zero  is  taken  for  (in  and  the  desired  root 
for  &i.  A  plot  of  this  relationship  for  an  an¬ 
tenna  with  uniform  Illumination  will  yield 
curves  from  which  the  estimate  of  order  of 
magnitude  can  be  made. 


antenna,  though  the  method  of  excitation  is  dif¬ 
ferent,  This  guided  radiation  combines  with 

that  of  th#»  aiUenna  to  vtptrt  n  nnrttirhoH  n-itto .  n 

and,  hence,  a  boresight  error. 

Magnitude.  The  error  has  been  calculated  to 
be  on  tiie  order  of  0.4°  of  beam  deviation  in 
typical  cases  for  small  radomes.  For  large  ra- 
domes  the  effect  of  the  error  is  always  less. 

All  the  trapped  wave  power  is  assumed  to  ra¬ 
diate  from  the  nose  as  an  isotropic  source. 
The  power  in  the  trapped  wave  is  estimated  as 
1  percent  in  the  literature,  but  this  estimate 
applies  chiefly  to  a  semi-infinite  plane.  The 
small  radome  may  be  presumed  to  trap  a  good 
deal  more.  In  Figure  4-20  the  antenna  ampli¬ 
tude  pattern  is  A( <9),  as  in  the  discussion  of  im¬ 
age  reflection  geometry,  and  the  amplitude 
pattern  of  the  antenna  plus  the  trapped-wave 
source  is  A(0)  +  r  e-J2"aAo.  For  the  sake  of 
simplicity  the  magnitude  r  is  taken  as  being  the 
same  for  offset  angles  +i  and -a,  The  same 
procedure  as  that  used  in  the  proof  of  the  re¬ 
flection  effect  indicates  that  the  new  crossover, 
and  the  value  of  the  boresight  error,  is  the  root 
o  near  t>  -  0  of 


(4-16) 


i2«d 

A(d+  u)  +  ae"'r— 


As  before,  the  principal  term  may  be  obtained 
by  Newton’s  method  with  6  =  0  taken  for  the 
Initial  approximation. 

Compensation.  Absorbers  near  the  base  of 
the  radome  may  help  in  some  situations. 


The  behavior  of  the  crossover  point  may 
profitably  be  studied  as  a  large  plane  sheet  is 
brought  into  the  vicinity.  The  dependence  of 
the  crossover  on  sheet  reflection  coefficient  as 
well  as  on  its  aspect  can  be  studied.  The  cav¬ 
ity  effect  can  be  canceled  by  quarter-wave 
motion, 

Compensation,  Keep  the  reflection  low, 

4-21.  Trapped  Waves 

It  has  been  proved  theoretically4  that  because 
the  radome  wall  la  not  an  infinite  plane  sheet, 
some  of  the  radiation  propagates  along  or  In¬ 
side  the  dielectric  and  is  reradiated  from  an 
area  near  the  rear  or  near  the  nose.  The 
propagation  Is  similar  to  that  in  a  dielectric 


4-22.  Depolarization 

If  a  linearly  polarized  plane  wave  is  incident 
on  a  plane  sheet  with  the  incident  polarization 
neither  in  nor  perpendicular  to  the  plane  of  in¬ 
cidence,  the  transmitted  wave  is  usually  elllp- 
ticaily  polarized.  In  practice,  the  plane  wave 
will  be  incident  ou  a  doubly  curved  sheet,  the 
radome.  Generally,  when  an  incident  wave 
which  is  ellipticaily  polarized  passes  through  a 
radome,  the  character  of  that  eilipticity  Is  al¬ 
tered.  This  effect  of  the  radome  on  incident 
polarization  is  called  its  depolarization  effect. 
In  addition  to  the  depolarization  caused  by  the 
radome,  the  transmitted  (and  received)  wave 
may  also  be  depolarized  as  a  result  of  asym¬ 
metries  in  the  antenna  and  by  the  configuration 
and  location  of  the  target.  Studies  of  antenna 
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gain  and  crossover  position  as  a  (unction  of  the 
elllptlcity  of  incoming  radiation  and  measure¬ 
ments  of  radome  error  curves  with  various 
states  of  polarization  offer  productive  sources 
of  information  concerning  this  source  of 
radome  error. 

4-23,  Polarization  Phenomena 

In  the  analysis  and  design  of  radoines,  one 
generally  thinks  in  terms  of  transmission  of 
plane  electromagnetic  waves  through  plane  di¬ 
electric  walls.  The  plane  electromagnetic 
wave  at  the  point  of  transmission  through  a 
wall  can  be  resolved  mathematically  Into  two 
field  components,  one  with  the  electric  or  E 
vector  perpendicular  to  the  plane  of  Incidence 
and  the  other  with  the  electric  or  E  vector 
parallel  to  the  plane  of  Incidence.  Each  com¬ 
ponent  of  the  resolved  wave  Is  transmitted 
through  the  wall  and  recombined  to  give  onco 
again  a  plane  electromagnetic  wave.  While  the 
wave  is  in  air,  the  latio  of  the  minor  to  major 
axes  of  the  ellipse  of  the  E  vector  docs  not 
change  In  either  magnitude  or  phase.  However, 
when  the  wave  traverses  the  dielectric  wall, 
because  the  transmission  coefficients  of  the 
wall  are  usually  unequal  for  perpendicular  and 
parallel  polarizations,  tho  axial  ratio  and  ori¬ 
entation  will  change.  The  only  conditions  under 
which  equal  wall  transmission  coefficients,  T y 
and  1 1 ,  are  present,  and  therefore  no  change  in 
elllptlcity  or  orientation  of  .  the  wave  occurs, 
are  a  zero  angle  of  incidence  or  a  dielectric- 
wall  thickness  (lossless  materia))  of  one-half 
wavelength  lor  the  angle  of  incidence.  (Mathe¬ 
matical  proof  of  the  second  condition  can  be 
found  in  Volume  26  of  the  M.I.T.  Radiation 
Laboratory  Series. 5) 

Because  of  the  doubly  curved  nature  of 
radomes  and  the  continual  variance  of  the  an¬ 
tenna  scan  angle,  the  angle  of  incidence  for  the 
electromagnetic  waves  will  not  generally  be 
optimum  for  all  transmission  points  on  the 


radome.  With  ttiese  physical  conditions  exist¬ 
ing,  there  will  always  be  a  difference  between 
1 1|  and  1j_.  In  addition,  the  difference  In  the 
transmission  coefficients  will  vary  from  one 
transmission  point  on  the  radome  to  the  next 
Thus,  If  a  linearly  polarized  plane  wave  Is  Inci¬ 
dent  on  a  radome  surface,  the  transmitted  wave 
may  be  linearly  polarized,  olllptlcally  polar¬ 
ized,  or  even  circularly  polarized,  depending 
on  the  curvature  of  the  surface  and  the  elec¬ 
trical  thickness  of  the  wall.  Incident  waves  of 
other  polarizations  usually  result  In  trans¬ 
mitted  waves  which  differ  considerably  from 
those  obtained  with  a  linearly  polarized  Inci¬ 
dent  wave. 

In  addition  to  the  changes  in  Incident  polari¬ 
zation  which  the  radome  may  cause,  asymme¬ 
tries  In  the  antenna,  such  as  curvatures  in  the 
reflector  or  nonsymmetrlcal  feeds,  may  change 
the  polarization.  A  change  in  polarization  of 
the  emergent  wave  (caused  either  by  antenna 
asymmetries  during  transmission  or  reception, 
by  the  radome,  or  by  both)  has  the  effect  of 
varying  the  power  of  the  target  echoes  received 
by  the  antenna.  Since  an  error  signal  is  essen¬ 
tially  a  comparison  of  the  difference  in  ampli¬ 
tude  of  target  echoes  received  at  several  scan 
positions,  the  variation  in  received  power  be¬ 
comes  an  amplitude  modulation  which  gives 
rise  to  an  error  signal.  The  degree  of  error 
caused  by  the  radome  or  by  the  antenna  1b  in¬ 
dicated  by  tho  magnitude  of  the  modulation  in 
power  received  with  scan  angle.  If  the  Incident 
wave  la  received  in  such  a  manner  that  there  Is 
no  modulation  in  the  power  received,  there  will 
be  no  error.  However,  the  wave  usually  does 
experience  a  change  in  polarization  in  travers¬ 
ing  the  radome  wall  and,  correspondingly,  there 
is  modulation  of  the  received  power.  The 
change  depends  on  the  portion  of  the  radome 
traversed  by  the  wave  and  on  the  polarization 
of  the  incident  wave.  And  further,  the  variation 
of  the  power  received  depends  on  the  pola.  iza- 
tlon  characteristics  of  the  receiving  antenna. 

It  has  been  assumed  in  the  discussion  that  the 
characteristics  of  the  incident  wave,  which  is 
actually  the  energy  reflected  from  the  target, 
are  known.  In  practice,  this  Information  is  not 
generally  known.  A  target  Illuminated  by  a 
plane  electromagnetic  wave  of  a  given  elliptical 
polarization  produces  a  scattered  field  which 
may  be  analyzed  in  terms  of  two  orthogonal  po¬ 
larization  components.  The  strengths  and 
phases  of  theso  components  vary  with  the  phy¬ 
sical  configuration  ar.d  aspect  angle  of  the  tar¬ 
get,  One  component  io  defined  as  having  the 
polarization  which  is  matched  to  the  receiving 
antenna.  The  orthogonal  component  may  be 
viewed  as  a  depolarized  component,  and  will 


affect  the  error  characteristics  of  the  radome. 
The  depolarization  effects  of  the  antenna,  the 
target,  and  the  radome  are  discussed  separ- 

a  faly  In  fha  f  eO  I aw»4 ag  aaaMaita 

4-24.  Antenna  Depolarization 

It  has  been  experimentally  determined  that 
asymmetries  In  tar  get -tracking  antennas  may 
Introduce  polarization  changes  and  as  a  result 
cause  pointing  errors,  even  In  the  absence  of  a 
radome.  Unpublished  measurements  made  at 
Hughes  Aircraft  Company  show  that  the  elec¬ 
trical  axes  of  conically  scanning  antennas  shift 
as  the  direction  of  polarization  of  a  linearly 
polarized  Incident  wave  is  varied  (see  Figure 
4-21).  A  theoretical  discussion  of  pointing- 
error  dependence  on  antenna  polarization  In  a 
conical -scan  system  has  been  given  by  silver. 6 


It  should  be  emphasized  that  the  three  an¬ 
tennas  utilized  in  the  experimental  investiga¬ 
tion  (Figure  4-21  results)  were  not  laboratory 

CV  M  t ■  w.  m  J  —  1  —  ■  Ik  — - ■  —  —  a  —  J  .  J  —  1 

| liiuuvui,  Uikjr  nvt  V  uvAlludl  U  Hit  - 

craft  radar  antennas  modified  only  to  provide 
the  various  polarizations. 

In  any  analyses,  the  antenna  contribution  to 
the  total  pointing  error  should  be  added  to  the 
radome-caused  error.  Investigators  should  be 
aware  that  antenna  asymmetries  can  and  do 
cause  changes  In  polarization  characteristics. 
Conclusions  drawn  from  measured  "  radome - 
error"  curves  should  be  carelully  weighed  so 
that  the  radome  is  not  assumed  to  be  the  sole 
source  of  the  errors.  Serious  consideration 
should  be  given  to  the  performance  of  the  free 
(no-dome)  antenna  system.  And  It  is  recom¬ 
mended  that,  In  the  final  design,  the  radome- 
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antenna  system  be  considered  as  one  Integral 
unit. 

4-25.  Target  Depolarization 

As  stated  previously,  the  signal  reflected 
from  a  target  may  be  analyzed  in  terms  o f  two 
orthogonal  polarization  components,  with  am¬ 
plitudes  and  phases  which  vary  with  physical 
configuration  and  aspect  angle  of  the  target. 
The  dominant  portion  of  the  signal  is  usually 
due  to  specular  reflection;  and  the  system  is 
usually  designed  so  that  specular  reflection 
produces  a  reflected  polarization  which  is 
matched  to  the  receiving  antenna.  The  depo¬ 
larized  signal  is  usually  several  decibels 
weaker  than  the  epecularly  reflected  signal. 
The  least  depolarization  from  an  aircraft  tar¬ 
get  seems  to  occur  if  the  radar  beam  strikes 
the  target  broadside;  maximum  depolarization 
occurs  with  a  tail  chase. 7  The  depolarized 
components  can  be  experimentally  determined 
by  means  of  measurements  of  the  cross  sec¬ 
tions  of  the  radar  echo.  A  radar  cross  section 
is  the  physical  area  which  must  be  associated 
with  a  scatterer  (target)  to  account  for  the 
magnitude  of  the  echo  return  under  the  as¬ 
sumption  of  Isotropic  scattering.  In  terms  of 
the  radar  equation. 


P 


R 


=  P 


T 


(4*)3  Rt2  Rr2 


(4-17) 


where  PR  =  power  received 

PT  •  power  transmitted 
Gt  *  transmitting  antenna  gain 
Gr  =  receiving  antenna  gain 
K  *  wavelength 

Rx  “  distance  from  transmitter  to  acat- 
terer 

Rr  =  distance  from  scatterer  to  receiver 
a  =  radar  cross  section  of  scatterer 


ay  -  plan*  *  ground  plan* 

®  *  tlsvation  anglt 
t  t  ■  aspect  angle 


Flivrt  4-2 2.  Chwlltn  rad  Aigecf  Anj/ra  al  tha  Targal 


in  general  depend  upon  the  transmitting  and 
receiving  pntonna  polarizations. 

4-26.  Measurement  of  Radar  Cross  Section 

The  method  of  measuring  radar  cross  section 
can  best  be  explained  in  terms  oi  the  radar 
equation,  Equation  (4-17).  If  thiB  equation  is 
rearranged  under  the  assumption  that  the 
transmitting  and  receiving  antennas  are  at 
approximately  the  same  point  in  space,  the  fol¬ 
lowing  equation  is  obtained: 


(4-18) 


where  R  =  Rx  **  Rr  =  range  to  scatterer 
k  ■  (4tt)3a2gxCr 

If  two  targets  illuminated  consecutively  by  the 
same  radar  set  are  considered,  then 


(4-19) 


Radar  cross  section  Is  independent  of  Pr, 
Px,  Gr,  Gx,  Hr,  Rx»  an<1  K  (at  least  for  llm_ 
lted  variations  in  x),  but  it  is  highly  dependent 
on  the  geometry  associated  with  the  trans¬ 
mitter,  the  scatterer,  and  the  receiver.  If  the 
transmitter  and  receiver  are  at  the  same  loca¬ 
tion,  as  is  usually  true,  the  number  of  possible 
geometrical  configurations  is  reduced  and  the 
cross  section  becomes  a  function  only  of  the 
particular  aspects  of  the  scatterer  viewed;  that 
is,  this  dependence  can  be  completely  described 
In  terms  of  the  elevation  and  aspect  angle 
shown  in  Figure  4-22,  In  addition  to  thie  geo¬ 
metrical  dependence,  radar  cross  section  will 


where  the  subscripts  identify  the  respective 
targets.  Combining  Equations  (4-19)  and  (4-20) 
under  the  assumption  of  constant  transmitter 
power  (Px1  =  PxjJ  five® 
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From  Equation  (4-21)  it  becomes  apparent  transmitting  and  receiving  antennas,  each  pro- 

that  If  ,72  and  R2  are  known  from  previous  vided  with  a  means  for  changtng  the  polarlza- 

measurements,  then  for  evaluation  of  “i  only  tion,  results  in  a  setup  for  measuring  the  po- 

the  values  of  Rj  and  (PrJAPrJ  are  needed.  larization  of  the  energy  scattered  by  the  target. 

12  A  camera  alined  with  the  radar  heam  and  oper- 

Absalutc  measurements  of  t.ar.o.i.lUeu  ui  ie-  atea  during  tne  tests  can  detect  the  quality  of 

celvcd  power  are  not  necessary  —  only  power  the  tracking,  and  poor  sections  of  the  data  can 

ratios  and  ranges  are  needed.  These  param-  be  eliminated.  A  second  radar  set,  operated  at 

eters  arc  utilized  in  the  technique  of  cross  a  different  frequency,  is  also  used.  In  conjunc- 

section  measurements  to  be  described.  In  the  tion  with  an  automatic  plotting  board,  this  set 

description  of  the  technique,^  it  is  assumed  is  used  to  monitor  the  operation  and  to  keep  the 

that  the  flight  line  of  toe  target  aircraft  is  as  aircraft  flying  in  the  proper  flight  patterns, 

shown  in  Figure  4-22,  although  other  flight  The  radar  plot  so  obtained  can  be  used  to  aid  in 

patterns  may  be  used.  The  choice  would  de-  the  reduction  and  evaluation  of  the  data.  The 

pend  on  the  type  of  equipment  available  and  the  reference  target  used  can  be  a  corner  reflector 
ease  of  obtaining  the  required  data.  with  a  relatively  large  cross  section.  This  re¬ 

flector  can  be  calibrated  in  the  laboratory  and 
4-27.  Equipment  for  Cross  Section  Measure-  mounted  nn  a  long  pole  located  near  the  radar 
ments  test  range. 

The  equipment  necessary  to  perform  the  tests  The  procedure  for  obtaining  the  necessary 

consists  of  two  radar  sets,  an  optical  tracker,  data  involves  the  alinement  and  calibration  of 

a  calibrated  reference  target,  and  appropriate  the  various  components  of  the  equipment.  The 

data  handling  devices.  Figure  4-23  shows  the  alinement  requires  the  positioning  of  the  trans¬ 
manner  in  which  these  elements  are  lncorpor-  mitting  antenna,  the  receiving  antenna,  and  the 

ated  into  the  test  setup.  The  radar  set  should  camera  so  that  all  will  point  in  the  same  diree- 

be  capable  of  tracking  a  target  and  also  of  pro-  tion.  The  items  requiring  calibration  are  the 

vidlng  range  and  angle  data.  Use  of  separate  target  range  data,  the  corner  reflector  range, 


Fig urt  4-23.  Tttf  St tvp  /or  Radar  Cro$i  St ation  Mtoturtmt nit 
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the  video  data,  the  AGC  data,  and  the  corner 
reflector  cross  section.  During  each  pass  of 
the  target  aircraft,  continuous  recordings  of 
the  video  data,  the  AGC  data,  the  range  data, 
and  the  angle  data  are  made.  The  continuous 
video  and  AGC  data  are  averaged  over  some 
interval  of  time  (for  example,  1 -second  inter¬ 
vals),  and  the  cross  sections  are  calculated  by 
means  of  Equation  (4-21). 

Results  of  Radar  Cross  Section  Measure¬ 
ments.  The  cross  section  measurement  pro¬ 
cedure  described  above  was  employed  by 
Hughes  Aircraft  Company  to  obtain  radar  crosc 
section  data  at  X-band  on  B-17,  B-47,  B-45, 
B-29,  F-80,  and  F-80  aircraft.  The  data  for 
the  latter  four  aircraft  were  obtained  only  for 
the  condition  in  which  both  transmitting  antenna 
and  receiving  antenna  were  vertically  polar¬ 
ized.  For  the  B-17  (a  propeller-driven  bomber) 
and  the  B-45  (a  tactical  jet  bomber),  data  were 
obtained  for  this  condition  and  also  for  condi¬ 
tions  of  other  polarizations.  The  measure¬ 
ments  taken  at  constant  polarization  are  pre¬ 
sented  in  Figure  4-24  and  compared  with  sim¬ 
ilar  measurements  made  by  other  organiza¬ 
tions.  Although  complete  details  associated 
with  the  measurements  can  be  found  in  pub¬ 
lished  reports,  the  following  information  rela¬ 
ting  to  the  other  studies  is  most  pertinent:  the 
Ohio  State  Antenna  Laboratory,9  model  meas¬ 
urements  (simulated  ,2600  megacycles)  and 
vertical  polarization;  the  Naval  Research  Lab¬ 
oratory,  10  X-band  measurements  on  full-scale 
aircraft  and  horizontal  polarization;  McGill 
University,1^  model  measurements  (x  =  25 
centimeters)  and  vertical  polarization. 


The  cross-section  data  under  various  condi¬ 
tions  of  polarization  are  shown  in  Figure  4-25 
for  the  B-17  aircraft.  Each  experimental  value 
represents  an  average  over  ±5°  in  aspect 
angle.  For  these  measurements  the  distance  d 
(shown  in  Figure  4-22)  and  the  height  h  were 


5,000  feet  and  2,000  feet,  respectively.  Meas¬ 
urements  were  also  made  at  d  =  0  and  h  =  3,000 
feet,  and  are  shown  in  Table  4-IH.  Each  ex¬ 
perimental  value  represents  an  average  over 
2  1/2  degrees  In  elevation  angle. 

The  cross  section  data  lor  the  B-47  aircraft 
are  shown  In  Figure  4-2C  for  three  different 
flight  patterns.  Each  experimental  value  on  the 
graphs  represents  an  average  over  ±5°  in  as¬ 
pect  angle. 

4-28.  Cross  Section  and  Scattering  Relation¬ 
ships 

The  electromagnetic  scattering  properties  of 
any  target  can  be  completely  described  by  a 
matrix.  If  this  scattering  matrix  is  known  and 
if  the  transmitting  and  receiving  polarizations 
are  given,  the  relative  radar  echo  from  the 
target  for  these  polarizations  can  be  calcu¬ 
lated.13 

In  this  section  the  relationships  between  the 
scattering  matrix  and  the  cross  section  of  an 
arbitrary  target  will  be  developed.  Methods 
are  outlined  by  which  the  radar  cross  section 
of  this  target  can  be  evaluated  for  any  polari¬ 
zation  of  the  transmitting  receiving  antennas  in 
terms  of  a  finite  number  of  known  cross  sec¬ 
tion  values.13 

Radar  Cross  Section  (General  Case) .  The 
configuration  considered  consists  of  a  trans¬ 
mitter,  a  scatterer,  and  a  receiver.  The 
transmitter  and  receiver  need  tint  ho  at  the 
same  location,  but  in  the  theory  dcvrlupod  it  is 
assumed  that  the  transmitter,  scatterer,  and 
receiver  have  a  fixed  spatial  relationship.  The 
relationship  between  radar  cross  section  and 
the  polarization  of  both  transmitter  and  re¬ 
ceiver  lias  been  Investigated  under  this  fixed 
geometry  condition. 


Tablo  4 -111.  B-17  Radar  Cron  Station  Maoi  urtmwrrta  for  Flight  Pattorn  No,  2 


Elevation 

Transmitter  — 

Receiver  Polarization 
(sq  ft) 

Angle 

(degrees) 
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L  _  R 
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V  =  linear  vertical 

H  =  linear  horizontal 

12  1/2 
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300 

130 
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R  =  circular,  right-hand 

L  =  circular,  left-hand 

7  1/2 
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radar  cross  section  (sq  ft) 
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radar  cross  section  (sq  ft) 


tail  side  nose 

aspect  angle  (degrees) 


Figure  4-25.  8-17  Rider  Om»  SkIImi  A»  Vertou*  Pelerlutlme  (Flight  Future  H*.  1 ) 
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Any  transmitting  antenna  can  be  character- 
lied  by  a  vector  T  which  Is  defined  by  the  fol¬ 
lowing  expression  *4 

Et  =  LZo!  ToJkr  (4.22) 

ifAr 


where  =  electric  vector  of  transmitted  wave 

Zq  =  Impedance  of  free  space 

I  *  ar.tenna  current 

k  »  propagation  constant 

r  =  distance  measured  from  the  trans¬ 
mitter  toward  the  scatterer 


where  cu*  :  magnitude  of  horizontal  compon¬ 
ent  of  the  transm'tter 

sin  ■;  magnitude  of  vertical  component 
of  the  transmitter 

i  ■  phase  difference  between  the 
components  (phase  angle  of  the 
transmitter) 

A  few  examples  of  Tj  are  given  in  Table  4-IV. 

The  scatterer  can  be  characterized  by  a  scat¬ 
tering  matrix  S  such  that 

Er  =  SEl  i  (4-25) 


k  -  wavelength 


where  Er  =  electric  vector  as  scattered  In  the 
direction  of  the  receiver 


e  =  2.71828.  .  . 


E*  =  electric  vector  Incident  on  scat¬ 
terer 


A  unit  vector  Tj  can  then  be  defined  in  terms 
of  the  vector  T  by 


Tl  =  vTt“ 


(4-23) 


where  T+  is  the  adjoint  of  T.  This  unit  vector 
can  be  expressed  as  follows: 


r  =  distance  measured  from  scatterer 
toward  receiver 


For  the  case  where  the  transmitter  and  re¬ 
ceiver  are  at  the  same  aspect  with  respect  to 
the  target,  the  scattering  matrix  can  be  ex¬ 
pressed  as 


(4-26) 


Tabh4-lV.  Example  of  Unit  Victor  T]  hr  Varlovt  Polaritatleitp 
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Polarization 

Phase 

Difference 
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Components 

Magnitude  of 
Horizontal 
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of  Vertical 
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... 
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... 
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where  eJ "  has  been  factored  out,  making  A,  D, 
and  C  real.  (The  equality  of  the  off-diagonal 
terms  is  a  result  of  the  application  of  the  re¬ 
ciprocity  relationship;  otherwise,  the  matrix  is 
perfectly  general.) 

The  receiving  antenna  Is  characterized  by  a 
unit  vector  Bi-  (This  vector  is  analogous  to 
the  unit  vector  T<:  in  fact.  R.  and  T,  are  iden¬ 
tical  if  the  same  antenna  is  used  to  transmit 
and  receive.)  The  unit  vector  5i  can  be  ex¬ 
pressed  as 


where  cosy'  =  magnitude  of  horizontal  component 
of  the  receiving  antenna 

sin  0  =  magnitude  of  vertical  component 
of  the  receiving  antenna 

ft  =  phase  difference  between  the  com¬ 
ponents  (phase  angle  of  the  receiv¬ 
ing  antenna) 

The  voltage  at  the  receiver  will  be 

Vr  a  Bi  Er  (4-28) 

or 

vr  “  Bi  STj  (4-29) 

where  Rj  =  transpose  of  Bp 

The  cross  section  can  then  be  expressed  as 

» “|vr|.2  (4-30) 

or  for  a  fixed  geometry  15 


=  KjRi  STjJ2  (4-31) 

where  K  -  constant 


The  expression  for  cross  section  when  ex¬ 
panded  in  terms  of  the  notation  introduced 
above  becomes 


..  K  ( A2f  i  .  B2f2  *  C2f3  ♦  (AB  COS  ♦ 

(AB  sin  y)  f5  *  [AC  cos  {,  -  *)]  fg  , 
f  AC  sin  i,  -  Mlf  tnr  rnu  h)f  *  ^  32) 

(BC  sin  f>)  f9| 


where  the  f  (  arc  functions  of  a,  ft,  </■,  and  •/>,  and 
their  values  are  completely  determined  by  the 
polarizations  of  the  receiving  and  transmitting 
antennas.  The  theoretical  cross  sections, 
evaluated  by  means  of  Equation  (4-32),  for  all 
possible  combinations  of  the  polarizations 
given  In  Table  4-IV  are  listed  In  Table  4-V. 
(The  tabulated  cross  section  expressions  are 
still  correct  if  the  transmitter  and  receiver 
polarizations  are  interchanged.) 

Radar  Cross  Section  (Restricted  Case). 
Equation  (4-32)  expresses  the  dependence  of 
radar  cross  section  on  antenua  configuration  in 
its  most  general  form.  If  the  antenna  polariza¬ 
tions  are  restricted  to  those  for  which  the  cor¬ 
responding  polarization  ellipse  has  its  princi¬ 
pal  axes  oriented  vertically  and  horizontally, 
then  f^,  f7,  and  fg  are  identically  zero.  Thus, 
in  this  restricted  case,  six  coefficients  are  re¬ 
quired  to  define  the  cross  section,  and  Equation 
(4-32)  becomes 


«  =  K  {A2f  j  +  B2f->  +  CZf3  + 

(AB  sin  y)f5  +  [AC  cos  (>-.')]  fg  +  (4-33) 

(BC  sin  b)f9| 


Application  of  the  Theory  to  Experiment.  In 
principle,  cross-section  measurements  must 
be  made  for  seven  different  antenna  configura¬ 
tions,  three  to  determine  A,  B,  and  C,  and  two 
for  each  angle  measured  directly  for  a  target 
in  flight,  since  A,  B,  and  C  occur  squared  or  in 
cross  products  and  vary  over  a  range  of  values 
as  the  target  pitches,  yaws,  or  rolls.  As  a  re¬ 
sult,  only  average  values  of  the  coefficients  of 
the  fj  in  Equation  (4-32)  can  be  measured  and 
thus  cross-section  measurements  must  be 
made  fur  nine  different  antenna  configurations. 
Once  these  coefficients  have  been  determined, 
Equation  (4-32)  may  be  used  to  calculate  the 
average  cross  section  of  the  target  for  a  com¬ 
pletely  arbitrary  antenna  configuration.  It  can 
be  observed  from  Table  4-V  that  these  coeffi¬ 
cients  are  related  to  the  cross  sections  tabu¬ 
lated  there;  typically, 
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T«fcfe  4-V,  Dtptndwic*  0 f  CroM  Section  tm  Ah  time  Cwiftfuieffon 


I  =  Linear  —  45°  to  vertical,  I  and  III 
quadrants 

II  =  Linear  —  45°  to  vertical,  II  and  IV 
quadrants 


Antenna  Conllguratlon 


Theoretical  Cross  Section,  Derived  from 


Transmitter 

Polrrlzation 

Receiver 

Polarization 

Equation  (4-32) 

Ve  rtical 

Vertical 

KC2 

Vertical 

Horizontal 

KB2 

Vertical 

45°  to  Vertical 
(I  and  in) 

IS  (B2  +  C2  +  2BC  cob  6) 

2 

Vertical 

46°  to  vertical 
(n  and  IV) 

—  (B2  +  C2  -  2BC  cos  6) 

2 

Vertical 

Circular,  left-hand 

iS  (B2  +  C2  +  2BC  sin  S) 

2 

Vertical 

Circular,  right-hand 

iS  (B2  +  C2  -  2BC  sin  8) 

2 

Horizontal 

Horizontal 

KA2 

Horizontal 

46°  to  vertical 
(I  and  IQ) 

iS  (A2  +  B2  +  2AB  cos  y) 

2 

Horizontal 

45°  to  vertical 
(D  and  IV) 

(A2  +  B2  -  2AB  cos  y) 

2 

Horizontal 

Circular,  left-hand 

iS  (A2  +  B2  -  2AB  sin  y) 

2 

Horizontal 

Circular,  right-hand 

iS  (A2  +  B2  +  2AB  sin  y) 

2 

45°  to  vertical 
(I  and  in) 

45°  to  vertical 
(I  and  in) 

1 

IS  [a2  +  4B2  +  C2  +  4AB  cos  y  + 

4  2AC  cos  (>  -  3)  +  4BC  cos  5J 

45°  to  vertical 
(I  and  in) 

45°  to  vertical 
(n  and  IV) 

iS  A2  +  C2  -  2AC  cos  (y  -  S) 

4 

45°  to  vertical 
(I  and  in) 

Circular,  left-hand 

iS  [a2  +  2B2  +  C2  +  2AB  cos  y  - 
4  2AC  sin  (y  -  6)  +  2BC  cos  5  - 
2AB  sin  y  +  2BC  sin  S] 

45°  to  vertical 
(I  and  in) 

Circular,  right-hand 

iS  [a2  +  2B2  +  C2  +  2AB  cos  y  + 

4  2AC  sin  (y  -  s)  +  2BC  cos  8  + 

2AB  sin  y  -  2BC  sin  8] 
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Antenna  Configuration 


Transmitter 

Receiver 

Polarization 

Polarization 

45°  to  vertical 

45°  to  vertical 

(11  and  IV) 

(II  and  IV) 

45°  to  vertical 

Circular, 

(II  and  IV) 

left-hand 

45°  to  vertical 

Circular, 

(II  and  IV) 

right-hand 

Circular, 

Circular, 

left-hand 

left-hand 

Circular, 

Circular, 

left-hand 

right-hand 

Circular, 

Circular, 

right-hand 

right-hand 

Theoretical  Cross  Section,  Derived  from 
Equation  (4-32) 


]£[a2  +  4B2  +  C2  -  4AB  cos  y  + 
2AC  cos  (y  -  8)  -  4BC  cos  8J 

v[a2  +  2B2  +  C2  -  2AB  cos  >  + 
2AC  sin  (y  -  8)  -  2BC  cos  »  - 
2AB  sin  y  +  2BC  sin  8] 

|t[a2  +  2B2  +  C2  -  2AB  cos  y  - 
2AC  sin  (y  -  8)  -  2BC  cos  «  + 
2AB  sin  y  -  SBC  sin  8] 

£[a2  +  4B2  +  C2  -  4AB  sin  y  - 
2AC  cos  (7  -  5)  +  4BC  sin  s] 

f  [a2  +C2  +2AC  cos  (y  -  5)] 

£  [a2  +  4B2  +  C2  +  4AB  sin  y  - 

*  2AC  cos  (y  -  8)  -  4BC  sin  «] 


KA2  =  0  (H,H)  =  a  (x,y) 

(4-34) 

KC2  =  <7  (V,V) 

(4-35) 

etc. 

where  °  (x,  y)  represents  the  cross  section 
measured  with  transmitter  polarization  x  and 
I  receiver  polarization  y.  Thus,  the  nine  coeffi¬ 

cients  in  Equation  (4-32)  can  be  determined  by 
I  measuring  cross  sections  corresponding  to 

|  suitable  combinations  of  the  antenna  polariza¬ 

tions  listed  in  Table  4-V. 

For  antenna  configurations  with,  polarizations 
in  which  the  polarization  ellipses  are  oriented 
vertically  and  horizontally,  only  four  antenna 
polarizations  need  be  considered;  (1)  Linear 
vertical,  (2)  Linear  horizontal,  (3)  Circular 
left-hand,  (4)  Circular  right-hand. 

1  For  these  restricted  configurations,  a  set  of 

six  independent  antenna  configurations  would  be 
sufficient, 

,  4-29,  Radome  Depolarization 

As  the  target  moves  or  vibrates,  the  matched 
and  depolarized  components  of  the  target  echo 
signal  scintillate  in  amplitude  to  produce  a 


very  complex  reflection  coefficient.  From  an¬ 
other  point  of  view,  the  signal  received  by  an 
antenna  can  be  regarded  as  scintillating  in  po¬ 
larization  as  well  as  in  amplitude.  Since  the 
radome  error  changes  with  the  polarization  of  I 

the  return  signal,  the  scintillation  in  pclariza-  , 

tion  will  be  converted  by  the  radome  into  ap¬ 
parent  scintillation  in  position,  This  scintilla-  1 

tion  in  position  results  in  scintillation  noise  in 
the  receiver,  which  is  added  to  ordinary  ampli¬ 
tude  and  angular  scintillation.  The  effects  on 
the  radome  error  of  the  different  types  of  po¬ 
larization  of  the  target  echo  are  described  in 

the  remainder  of  this  section.  Some  general  i 

observations  are  drawn  which  may  be  of  value 
in  design  work. 

Experimental  Measurements.  Measurements 
of  radome  errors  under  various  types  of  inci¬ 
dent  polarization  (target  echo  polarization) 

have  been  made  for  both  missile-type^  and  | 

interceptor-type*®  radomes.  Two  series  have 
been  recorded  for  the  interceptor-type  radome, 
one  using  a  6-db  right-hand,  elliptically  polar¬ 
ized  receiving  antenna,  and  the  other  using  a 
circularly  polarized  antenna.  Both  missile- 
type  radomes  measured  used  right-hand,  cir¬ 
cularly  polarized  receiving  antennas,  but  one 

radome  was  a  2.5:1  ellipsoidal  radome  and  one  j 

was  an  ogive.  i 
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The  Interceptor-type  radome  employed  ap¬ 
proximates  a  cone  in  shape  and  is  constructed 
of  homogeneous  material  0.320  inch  thick,  with 
a  dielectric  constant  of  4.  It  is  30  Inches  in 
diameter  and  S2  inches  long.  Figures  4-27  and 

6-db.  right-hand,  elllptically  polarized  receiv¬ 
ing  antenna.  The  major  axis  of  the  incident 
wave  was  always  aligned  parallel  to  the  major 
axis  of  the  polarization  of  the  antenna. 

Figure  4-27  presents  the  errors  obtained 
when  the  incident  polarization  was  linearly  po¬ 
larized.  The  curves  show  that  the  errors  re¬ 
verse  in  sign  when  the  incident  polarization  is 
rotated  S0°.  Tests  conducted  with  a  linearly 
polarized  receiving  antenna  also  show  that, 
when  the  incident  polarization  is  rotated  90°, 
the  errors  reverse  in  sign. 

Figure  4-28  presents  the  error  curves  ob¬ 
tained  when  the  major  axis  of  the  polarization 
of  the  receiving  antenna  was  horizontal,  Curves 
are  given  for  incident  waves  of  left-hand  and 
right-hand  circularly  polarizations  arid  for  sev¬ 
eral  elliptical  polarizations.  They  show  that  the 
errors  are  lowest  in  in-plane  at  right-hand 
circular  polarization  and  in  crosstalk  at  6-db 
right-hand  elliptical  polarization.  Both  in¬ 
plane  and  crosstalk  errors  are  largest  at  left- 
hand  circular  polarization.  Error  curves 
measured  with  the  major  axis  of  the  receiving 
antenna  in  a  vertical  position  show  the  same 
trend  as  those  of  Figure  4-28,  except  that  the 
in-plane  error  reversed  in  sign. 


Error  curves  were  measured  for  a  circularly 
polarized  receiving  antenna  with,  first,  a  cir¬ 
cularly  polarized  incident  wave  of  the  same 
sense,  and,  second,  with  a  linearly  polarized 
incident  wave.  The  curves  show  that  the  first 

i—  iU.  I - a  - - - a  n.  . 
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second  results  in  the  worst  error,  both  rela¬ 
tive  to  all  the  results  obtained  under  the  other 
states  of  polarizations. 

Both  missile-type  radomeB  measured  em¬ 
ployed  a  left-hand  circularly  polarized  antenna 
as  the  receiving  unit.  The  symmetry  of  the  re¬ 
ceiving  antenna  might  be  considered  to  offer 
some  advantages  over  a  linearly  polarized  an¬ 
tenna,  regardless  of  the  incident  polarization. 

The  curves  of  Figure  4-29  are  the  measured 
error  curves  of  a  2.5:1  ellipsoidal  radomc  as  a 
function  of  the  Illuminating  polarization.  Those 
In  Figure  4-30  are  similarly  measured  error 
curves  for  an  ogival  radome.  Six  polarizations 
were  investigated  with  both  radomes:  (a)  nearly 
left-hand  circular  (0.6  db  of  elllptlclty);  (b)  3- 
db  left-hand  elliptical;  (c)  6-db  left-hand  ellip¬ 
tical;  (d)  9-db  left-hand  elliptical;  (e)  12-db 
left-hand  elliptical;  and  (f)  linear.  For  each 
particular  polarization  investigated,  four 
measurements  of  radome  error  as  a  function  of 
offset  angle  were  made:  ln-plane  and  crosstalk 
error  characteristics  for  the  major  bxIb  of  the 
Incident  polarization  oriented  perpendicular  to 
the  antenna  offset  plane;  and  ln-plane  and 
crosstalk  error  characteristics  for  the  major 
axis  oriented  parallel  to  the  offset  plane. 
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incident  goloriiotion 
o-o  let t -hand  circular 
a--o  left-hand  3-db  elliptical 

*  left-hand  6-db  elliptical 
•—< *  right-hand  6-db  elliptical 
a— e  right-hand  3-db  elliptical 

•  right-hand  circular 


-45  -30  -15  0  15  30  4b 


angle  (degrees) 


Fig ure  4-28.  Interceplor-Type  Radome  Error  Curve!  with  Elliptical  Incident  Polarization;  Mo/or  Acts  Horizontal, 
Receiving  Polarization  6-db,  Right-Hand  Elliptical ,  Mo/or  Aziz  Horizontal 


Both  sets  of  curves  show  that  any  significant 
change  in  the  relative  orientation  of  the  ellip¬ 
tical  axes  with  respect  to  the  antenna  offset 
plane  produces  sizable  changes  in  both  cross¬ 
talk  and  in-plane  error  characteristics.  Of 
particular  significance  is  the  fact  that,  with 
both  the  ellipse  and  the  ogive,  the  most  desir¬ 
able  radome  error  characteristics  were  ob¬ 
tained  when  the  incident  polarization  was 
nearly  left-hand  circularly  polarized  (antenna 
and  incident  polarizations  matched). 

Analysis  of  Experimental  Measurements. 
That  the  radome  modifies  the  polarization  of  a 
wave  which  traverses  its  walls  has  been  stud¬ 
ied  and  reported  by  many  investigators  (Ref¬ 
erences  17  through  25).  The  major  factor  in 
the  effect  of  the  radome  on  incident  polariza¬ 
tions  is  the  amplitude  and  phase  distortion  re¬ 
sulting  front  varying  angles  of  incidence  and 
orientations  of  the  electric  vector.  This  de¬ 
pendence  can  be  illustrated  by  the  transmission 
coefficients  for  a  plane  wave  incident  on  a 


plane  homogeneous  dielectric  slab.  As  dis¬ 
cussed  In  Chapter  2  and  elsewhere  in  this  book, 
the  transmission  coefficients  and  are 
complex  quantities  and  differ  both  in  magnitude 
and  phase.  The  range  of  variation  with  angle 
of  incidence  is  quite  sensitive  to  the  electrical 
thickness  of  the  slab  (see  graphs  of  tolerances 
in  Chapter  13).  Another  discussion  with  nu¬ 
merical  values  is  given  in  the  M.LT.  Radia¬ 
tion  Laboratory  Series,  Volume  20. 


The  effect  of  these  factors  on  polarization 
may  be  illustrated  as  follows:  a  plane  wave  is 
assumed  to  be  incident  on  a  radome,  regarded 
as  a  streamlined  surface  of  revolution.  The 
wave  is  assumed  to  be  linearly  polarized,  with 
the  direction  of  propagation  at  an  angle  o  with 
respect  to  the  radome  axis.  The  x-axls  is 
oriented  to  lie  in  the  plane  of  incidence  which 
passes  through  the  z-axis,  as  shown  in  Figure 
4-31.  The  axes  In  the  plane  of  the  E  vector  are 
designated  r,  and  n,  where  t  is  in  the  x-z  plane. 
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Figure  4-2 9.  Error  Curves  of  Ellipsoidal  Missile  Rod ome  With  Various  Incident  Polarisations 
(Lelt-Hend  Circular  Receiving  Polarlsotlon) 
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Ftgvra  4—29  (Co ntfouod).  Error  Curves  of  Elllpitldal  Mhlilm  ffotfomo  With  VorloiiM  Incldont  PolarhtaHoar 
(Loft-Hand  Circular  Roco Irfof  Polarization) 
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Ft gure  4*10.  t’rror  Curves  of  0 glvel  Hieelle  Radame  with  Variant  Incident  Palarlratlont 
(Lift-Hand  Circular  Receiving  Polorhotion) 
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Figure  4-30  (Continued).  Error  Cvrvw  of  Ogival  Mlttlle  Rodome  With  Vorloue  held  out  Pohiaotionr 
(Loh-Homl  Circular  Receiving  Polartiatlon) 
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Plforo  4-31.  Cooitflntlt  Syttont  far  Anafyiil  of  Llnootly  Pol  at  hod  Wav*  Incidtn*  on  a  Rod  amt 


In  general,  the  £  vector  has  an  arbitrary  orien¬ 
tation  with  respect  to  the  c  axis.  The  antenna, 
in  scanning,  will  necessarily  observe  the 
wave  through  some  two  points  P  and  P '  on  the 
surface  of  the  radome  (Figure  4-31)  located 
symmetrically  with  respect  to  the  x-axis  and 
determined  by  ±4>. 

The  problem  of  radome  crosstalk,  or  devia¬ 
tions  of  radar  line-of-aight  from  the  plane  4  = 
0,  is  Inherently  concerned  with  the  nature  of 
the  fields  seen  by  the  antenna  at  P  and  P'  and 
their  effect  upon  the  ability  of  the  antenna  to 


diBcern  the  direction  of  the  incident  wave  with 
.  respect  to  ■*>.  If  the  fields  at  P  and  P’  are  iden¬ 
tical  in  every  respect,  then  the  receiving  sys¬ 
tem  will  indicate  that  the  target  lies  in  the  x-z 
plane.  Any  deviation  from  this  Identity  will 
cause  the  antenna  to  orient  Itself  in  such  a 
(banner  as  to  make  the  response  identical  at 
some  other  point  Q  and  Q'  and  thus  deviate 
from  the  true  plane  of  offset. 

For  the  effect  of  the  radome  on  the  fields  at  P 
and  P'  to  be  determined,  the  incident  E  vector 
m.ust  be  resolved  into  components  which  are 
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parallel  and  perpendicular  10  the  planes  of  in¬ 
cidence  at  these  two  points,  as  shown  In  Figure 
4-32,  The  complex  transmission  coefficient  of 
the  radome  wall  is  a  different  function  of  the 
angle  of  incidence  for  each  of  these  compo¬ 
nents,  in  general ,  tne  components  parallel  to 
the  plane  incidence  will  undergo  less  phase  re¬ 
tardation  and  reflection  loss  upon  transmission 
than  the  vertical  component,  After  transmis¬ 
sion  and  recombination  of  the  components, 
there  is,  in  general,  elliptical  polarization  in 
which  the  direction  of  rotation  of  the  polariza¬ 
tion  ellipses  of  each  component  will  be  as 
shown  in  Figure  4-33.  The  directions  of  rota¬ 
tion  or  screw  senses  of  the  transmitted  com¬ 
ponents  at  tne  two  points  P  and  P'  are  opposite 
because  of  the  relative  phase  of  the  components 
at  these  points.  The  radome  thus  introduces 
several  types  of  polarization  changes  into  the 
incident  linearly  polarized  wave.  Similar  ana¬ 
lysis  may  be  employed  to  show  the  effect  for 
other  incident  polarizations. 


The  preceding  analysis  is  based  on  transmis¬ 
sion  of  the  Incident  wave  at  one  angle  of  inci¬ 
dence  on  the  radome.  Because  of  the  geometry 
of  tlie  radome,  the  characteristics  of  the  trans¬ 
mitted  wave  vary  from  one  angle  of  Incidence 
to  the  next.  Therefore,  the  total  effect  of  the 
radome  on  Incident  polarization  can  be  obtained 
only  jy  Integration  over  the  receiving  area  of 
the  radome;  that  is,  the  area  or  section  of  the 
radome  through  which  energy  passes  and  con¬ 
tributes  to  the  power  absorbed  by  the  receiving 
antenna.  This  concept  can  be  enlarged,  with 
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reference  to  Figure  4-34,  where  the  conical 
scan  axis  of  the  antenna  is  perpendicular  to  the 
paper  and  Is  pointed  towards  the  reader.  The 
path  abed  represents  the  intersection  between 
the  center  rav  of  the  anknm  „ji#h  »i,n  e;  •• 

tour  of  the  radome.  The  nose  of  the  radome  is 
to  the  left  and  away  from  the  paper  towards  the 
reader  (represented  by  point  0).  The  incident 
wave  travels  in  the  direction  the  reader  Is 
looking  and  arrives  normal  to  the  plane  of  the 
paper.  The  plane  FE,  perpendicular  to  the  pa¬ 
per,  Is  a  plane  of  incidence  for  the  wave  Inci¬ 
dent  at  point  E,  and  ,3  is  the  angle  between  this 
plane  of  incidence  and  the  offset  plane.  Be¬ 
cause  of  symmetry,  the  crosstalk  error  Is  pro¬ 
portional  to  the  difference  in  power  received 
when  the  antenna  is  at  position  a  and  when  it  Is 
at  position  c.  A  similar  proportion,  however, 
does  not  apply  for  in-plane  errors,  because  an 
antenna  beam  with  its  central  ray  passing 
through  point  b  is  not  oriented  with  respect  to 
the  radome  precisely  the  same  as  is  an  antenna 
beam  with  central  ray  passing  through  d. 


An  area  centered  about  point  b  and  another 
area  centered  about  d  must  be  considered,  and 
It  is  seen  that  the  area  centered  at  b  haB  asso¬ 
ciated  with  it  angles  a>  which  are  greater  tluin 
the  angles  associated  with  the  area  centered  at 
d.  This  difference  in  the  location  of  the  planes 
of  incidence  is  sufficient  to  cause  a  difference 
in  the  character  of  the  ellipses  associated  with 
the  transmitted  wave.  And,  ub  with  crosstalk 
error,  a  change  In  the  polarization  ellipse  of  an 
incident  wave  results  in  in-plane  error. 


t 


ibffwt  4—31,  Plan*  of  £  Voctor  -  Llnoavly  Polarlaod 
hcldtnt  Wav*,  Aftor  Tranamlailn  Through  a  R*dam» 
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bolt  of  rodomt 


plont  Of  incidence 
at  point  E 


horizontal  plant 
p««*ing  through 
axil  of  rodomt 


inltrstclion  path 
of  cenitr  roy  of 
anltnna  and  rodomt 


F Ifvra  4-U.  Vlow  al  Radema  From  Catarlor 


Examination  of  the  expression  for  polariza¬ 
tion  efficiency,  Equation  (4-36),  sheds  further 
light  on  the  relationship  between  antenna  point¬ 
ing  errors  and  changes  in  the  elllpticity  of  the 
incident  wave  resulting  from  transmission 
through  the  radome  wail.*6 

(1  a  rrrt)2  +  (rr  ±  rt)2 

f  -  -  -  ( 

2(1  +  rr2)  (1  +  rt2) 

(1  -  r-2')  (1  -  rt2)  cos  2  8 

- £ - - - -  (4-38) 

2(1  +  rr2)  (1  +  rt2) 

where  f  =  polarization  efficiency,  the  ratio  of 
the  power  received  by  an  antenna  of 
any  polarization  in  any  polarized  field 
to  the  power  received  by  a  linearly 
polarized  antenna  polarized  parallel 
to  a  linearly  polarized  field  (with  the 
power  density  of  the  fields  remaining 
a  constant) 

rr  =  axial  ratio  of  the  receiving  antenna 
(mlnor-to-major  axis  with  +  denoting 
left-handed  and  -  denoting  right- 
handed  senses) 

rt  =  axial  ratio  of  the  incident  field 

■  s  -  angle  between  the  major  axis  of  the 
receiving  antenna  and  the  major  axis 
of  the  incident  field 


tion  of  the  same  sense  for  both  receiving  an¬ 
tenna  and  Incident  field,  the  polarization  effi¬ 
ciency  would  be  1;  since  the  polarization  ellipse 
is  actually  a  circle  in  circular  polarization, 
eacn  major  axis  equals  each  minor  axis  and 
their  ratios  are  ±1.  For  linear  —  linear  po¬ 
larization,  f  should  also  be  1  (r  =  0,  because 
the  minor  axis  =  0).  For  a  circular  receiving 
antenna  polarization  and  a  linear  incident  po¬ 
larization,  the  polarization  efficiency  would  be 
0.60.  Elliptical  polarizations  become  more 
complex  because  of  the  infinite  number  of  pos¬ 
sible  ellipses.  Polarization  efficiencies  range 
between  0  and  1,  because  the  values  of  r  fall 
into  this  range. 

Equation  (4-36)  yields  the  order  of  magnitude 
of  the  relative  power  received  at  two  opposite 
scan  positions  of  the  antenna.  For  final  calcu¬ 
lation  of  the  order  of  magnitudes  of  the  radome 
error,  a  formula  derived  by  Barker  and  Lengyel 
can  be  employed.2  In  the  derivation  of  the  for¬ 
mula  it  is  established  that  the  far-field  power 
pattern  should  be  written  as 


(4-37) 


where  0  1b  the  angle  position  and  2''q  Is  the 
half -power  beamwidth,  The  slope  of  the  pat¬ 
tern  at  half-power  point  is  (-3/4  0 q),  which  is 
very  nearly  the  slope  of  a  pattern  for  a  uni¬ 
formly  Illuminated  circular  aperture.  If  a  con¬ 
ically  scanning  antenna  (crossover  at  half¬ 
power  points),  with  only  changes  in  maximum 
power  as  a  function  of  scan  angle  is  assumed, 
the  error  can  bo  expressed  as 


A  = 


»1> 


(4-38) 


where  A  is  the  radome  error  and  the  a’s  are 
the  fractional  decrease  In  the  maximum  power 
at  the  opposite  scan  positions  when  the  radome 
is  mounted.  In  the  expressions  derived  by 
Barker  and  Lengyel,  other  terms  appear  which 
involve  the  changes  in  beamwidth  and  shifts  in 
the  angular  position  of  the  main  beam.  The 
contributions  of  these  terms  are  considered  to 
be  negligible  in  the  foregoing  analysis. 


+  for  the  same  senses  of  polarization 
-  for  opposite  senses  of  polarization. 

The  effect  on  polarization  efficl  cy  of 
changes  in  the  axes  of  the  polarization  ellipses 
is  direct.  For  example,  for  circular  polariza¬ 


Further  examination  of  polarization  efficiency 
through  the  use  of  Equation  (4-36)  can  be  used 
to  Indicate  some  trends  which  might  be  ex¬ 
pected  when  radomes  are  tested  under  var¬ 
ious  conditions  of  polarizations.  The  assump¬ 
tion  is  made  that  radome  errors  are  caused 
only  by  the  variation  (with  conical  scan)  of  the 
elllpticity  of  the  waves  transmitted  through  the 
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radotne.  Of  course,  i..ls  assumption  is  not 
valid  when  other  effects  dominate:  these  ef¬ 
fects  Include  error  correcting  obstacles,  re¬ 
fraction,  high  loss  in  the  radom*  u>?.1!2,  and 
diffraction  created  by  the  nose,  The  effect  of 
depolarization  of  a  radome  (the  changes  in  in¬ 
cident  polarization  caused  by  the  radome)  is  to 
change  rt,  the  axial  ratio  of  the  incident  field, 
The  contributing  factors  to  the  pointing  error 
of  a  conically  scanning  antenna  are  the  rate  of 
change  of  polarization  efficiency  with  change  In 
axial  ratio  of  the  incident  field  (df/drt)  and  the 
value  of  the  polarization  efficiency  obtained  at 
the  states  of  polarization,  that  is,  the  values 
assigned  to  rj  and  to  rr,  the  axial  ratios  of  the 
incident  field  and  the  receiving  antenna  respec¬ 
tively. 


Rate  of  Change  of  Polarization  Efficiency  with 
Respect  to  r^.  When  the  derivative  (df/’drt)  is 
taken  wW  an  arbitrary  sense  of  polarization 
assumed,  the  result  is 


2rr  (1  -  rr2) 


rt  (1  f  r,.2)  (1  ,  rt2)2 

2  (1  -  rr2)  rt  cos  2" 
(1  +  rr2)  (1  +  rt2)2 


In  this  operation,  it  is  assumed  that  5,  the 
angle  between  the  major  axis  of  the  receiving 
antenna  and  tho  major  axis  of  the  Incident  field, 
remains  constant.  In  general,  this  condition 
does  not  exist.  However,  since  the  variation  in 
S  with  respect  to  l't  is  small,  the  condition  is 
assumed  for  the  analysis.  When  Equation  (4- 
39)  is  set  equal  to  zero  and  solved  for  r^, 

»'r2  -  1  1  r 


r.  —  — - - cos  2  b  + 

2rr 


cos2  2  b 


In  general,  when  radome  errors  are  meas¬ 
ured,  S  -  0.  Under  this  condition,  Equation 
(4-40)  becomes 


dh  4rr  r,  (rt2  -  3) 

“‘t’  +  rr2)  *  rt‘) 

(4-4'.’' 

(cos  2*)  (1  -  rr2)  (1  -  3 r t “ ) 

(1  f  rr2)  (1  ♦  r,2)3 

Equation  (4-42),  when  set  equal  to  zero,  gives 
the  Worst  condition  for  rr  and  rt  when  radome 
error  slope  is  the  only  criterion,  tor  example, 
if  b  =  0  and  rr  =  0,  rt  =  0.577;  or,  if  *  --  0  and 
rr  =  1,  then  rt  =  0. 

If  the  condition  given  by  Equation  (4-41)  were 
substituted  into  Equation  (4-42), 


(1  +  r2)2 


where  rt  =  rr  •-  r.  When  r  1  (which  is  circu¬ 
lar  polarization),  d2f/(irt  is  minimum,  a  condi¬ 
tion  which  is  optimum  for  minimum  error. 

Consideration  of  the  Polarization  Efficiency. 
Ffgure  4-35  is  a  plot  of  Equation  (4-36)  with 
the  assumption  that  -  0.  The  curves  for  the 
three  values  of  rr  show  the  relative  amounts  of 
power  received  for  variations  in  rt  of  the  inci¬ 
dent  wave.  Careful  investigation  shows  that, 
for  small  pointing  errors  to  be  achieved  at  any 
given  set  of  axial  ratios,  not  only  Is  the  slope 
of  the  curves  important  but  the  relative  values 
of  the  powers  received  must  also  be  consid¬ 
ered.  For  example,  an  rt  of  0  can  be  consid¬ 
ered  with  interest,  then  confined  to  r,.'s  of  1 
and  0,50  (Figure  4-35).  The  slopes  of  the  op¬ 
erating  points  A  and  D  are  approximately  the 
same;  and  if  a  radome  changes  the  axial  ratio 
of  rt  by  a  finite  amount  which  depends  on  the 
position  of  the  conieal  scan  cycle  of  the  an¬ 
tenna,  it  might  be  suspected  at  first  glance  that 
the  errors  would  be  the  same  at  the  two  axial 
ratios  of  1  and  0.50,  However,  this  condition 
does  not  exist,  since  the  fractional  change  in 
the  powers  received  at  two  opposite  positions 
of  the  conical  scan  cycle  must  be  considered. 
This  fractional  change  is  given  in  the  deriva¬ 
tion  of  the  Barker- Lengyel  formula,  Equation 
(4-11).  For  a  given  axial  ratio  change  in  rt  due 
to  the  radome,  operating  point  A  will  result  In 
a  larger  fractional  change  in  polarization  effi¬ 
ciency  than  operating  point  B.  Hence,  radome 
errors  should  be  lower  at  operating  point  IJ 
than  a)  operating  point  A, 


If  Equation  (4-39)  is  differentiated  with  re¬ 
spect  to  rt,  the  following  expression  is  obtained, 


177 


The  analysis  of  the  effect  of  the  radome  in 
changing  the  axial  ratio  of  the  incident  wave 


rt  (axial  ratio  of  tronsmilied  wave) 

Figvn  4-35.  R»iatlv+  Powmr  Rflvtd  by  on  Elliptually  Poforixmd  Anfrtna 


appears  correct  when  the  predicted  results  are 
compared  with  the  actual  measured  values  of 
radome  errurs.  The  analytical  prediction  that 
the  lowest  errors  should  result  when  rt  =  rr  -  1 
(a  circularly  polarized  receiving  antenna  with  a 
circularly  polarized  incident  wave  of  the  same 
sense)  is  verified  by  experimental  measure¬ 
ments  such  as  those  shown  In  Figures  4-27 
through  4-30.  The  prediction  that  low  errors 
result  when  rt  •  rr  and  that  larger  errors  are 
found  to  exist  with  a  circularly  polarized  re¬ 
ceiving  antenna  with  a  linearly  polarized  inci¬ 
dent  wave  Is  also  Verified  by  the  measurements 
of  Figures  4-27,  4-28,  4-29  (f)  and  4-30  (f). 
And  the  analytical  result  that  operating  point  B 
of  Figure  4-35  should  produce  lower  errors 
than  operating  point  A  Is  verified  by  the  curves 
of  Figure  4-28.  From  the  measurements  of 
actual  radome  errors  under  the  various  states 
of  polarization,  it  appears  that  polarization  effi¬ 
ciencies  above  0.80  will  result  In  errors  which 


are  comparable  to  those  taken  at  a  polarization 
efficiency  of  1.  Minimum  errors  can  be  ob¬ 
tained  If  the  polarization  of  the  incident  wave 
and  the  polarization  of  the  receiving  antenna 
are  circularly  polarized  and  are  of  the  same 
sense. 


This  analysis  then  describes  error  behaviors 
as  a  function  of  the  variations  in  polarization  of 
a  wave  after  transmission  through  a  radome 
wall.  The  exact  modification  of  the  original 
Incident -wave  polarization  produced  by  the 
radome  wall  was  not  given  explicitly.  The 
complex  coefficient  Tj  defined  in  Chapter  2  is 
the  same  type  of  coefficient  as  the  polarization 
efficiency  f,  and  the  expression  for  l'<  has  been 
used  In  an  analysis  which  indicated  that,  for  a 
given  incident  polarization,  a  "matched"  re¬ 
ceiving  polarization  Is  not  always  the  correct 
one  for  minimum  boresight  error.22 


SECTION  E.  EFFECT  OF  RADOME  ERRORS  ON  FIRE  CONTROL  AND  GUIDANCE  SYSTEMS 


It  is  fairly  common  knowledge  in  the  radome 
design  field  today  that  fire  control  radome 
errors  adversely  affect  the  accuracy  of  missile 
and  rocket  firing,  as  well  as  the  stability  of 
tne  radar -autopilot-airplane  loop.  When  the 
radome  errors  can  be  correlated  with  resulting 
fire  control  errors,  the  results  can  be  used  to 
specify  the  allowable  errors  in  the  Intercep¬ 


tor’s  radome.  These  specifications  are  Im¬ 
portant  in  light  of  the  compromise  which  must 
be  made  in  the  air-frame  design  between  a 
low-error  radome  (high -drag  "rounded"  nose) 
and  a  large-error  radome  (low-drag  "sharp” 
nose).  Studies  of  sequential  lobe  comparison 
systems  have  found  that  the  radome  errors  are 
most  detrimental  during  the  interceptor’s  rock- 
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et-firing  mode  of  operation;  the  effect  of  er¬ 
rors  in  the  interceptor's  radome  on  the  missile 
launching  problem  is  not  so  significant.  If  the 
error  limits  imposed  by  the  rocket-firing 
problem  are  mei,  the  rauar-aui.upiiut.-aii  plane 
loop  will  be  stable  for  the  expected  airplane 
response  times,  and  the  missile  will  be  launched 
with  the  necessary  accuracy  lo  place  il  on 
the  proper  initial  course.  A  typical  analysis  of 
the  interrelation  of  radome  error  and  fire  con¬ 
trol  error  will  be  developed  to  show  these  re¬ 
sults  in  greater  detail. 26 

4-30.  Effect  of  Radome  Errors  on  Fire  Con¬ 
trol  Systems 

In  the  fire  control  system  (conical  scan)  stud¬ 
ied  in  the  analysis,  the  coordinate  system 
shown  in  Figure  4-36  was  used.  The  angle  be¬ 
tween  the  Une-of-slght  to  the  target  and  the 
longitudinal  axis  of  the  aircraft  is  defined  as  <?. 
This  anfele  can  vary  from  0°  to  the  maximum 
offset  angle  of  the  radar  (about  70°).  The  angle 
between  the  plane  of  the  interceptor’s  wings 
and  the  plane  through  the  longitudinal  axis  con¬ 
taining  the  line-of -sight  is  called  l.  It  varies 
from  0  to  360°  and  lies  between  0  and  90°  when 
the  target  is  above  and  to  the  right  of  the  inter¬ 
ceptor. 

In  general,  the  radome  will  bend  the  radar 
beam  so  that  the  apparent  line -of -sight  will  not 
coincide  with  the  true  line-of-sight.  In  the 
analysis  the  in-plane  error  ha  equals  the  value 
of  a  for  the  apparent  line-of-sight  minus  the 


value  of  1 7  for  the  true  line-of-sight,  and  the 
crosstalk  error  v,  equals  the  value  of  '.  for  the 
apparent  llne-of-sight  minus  the  value  of  '  for 
the  true  line-of-sight. 

Through  the  fire  control  equations  associated 
with  the  lead-collision  type  of  attack,  the  mag¬ 
nitude  and  the  angular  rates  of  change  uf  the 
radome  errors  (for  any  arbitrary  direction  of 
the  line-of-sight)  can  be  related  to  the  fire 
control  "miss"  caused  by  these  radome  errors. 
It  is  convenient  to  resolve  the  fire  control 
"miss"  into  two  components,  M„  and  M  >. 

The  miss  in  yards  in  the  plane  in  which  a  is 
measured  Is  the  Ma  component.  When  the  in¬ 
terceptor  is  on  a  proper  firing  course,  the  ge¬ 
ometry  is  such  that  the  target  is  heading  for 
some  point  on  the  interceptor’s  longitudinal 
axis,*  and  consequently  the  target’s  longitudi¬ 
nal  axis  lies  in  the  plane  in  which  is  meas¬ 
ured.  When  the  rocket  passes  in  front  of  the 
target,  is  taken  as  positive.  Therefore,  M  ■ 
is  the  miss  along  the  target’s  fuselage  In  the 
special  case  of  a  direct  beam  attack. 

The  Mr  component  of  the  fire-control  "miss" 
Is  the  miss  in  yards  perpendicular  to  the  plane 
in  which  o  is  measured;  therefore,  Me  is  a 
miss  perpendicular  to  the  target’s  fuselage. 


♦Gravity  drop  and  Jump  angles  are  second- 
order  effects  in  this  analysis  and  are  therefore 
neglected. 
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This  component  is  taken  as  positive  In  the  di¬ 
rection  of  positive  (;  for  example,  a  positive 
M  i  corresponds  to  the  rocket  passing  over  the 
target  when  the  target  comes  from  the  right 
and  passing  under  the  iargei  when  U  cum ee 
from  the  left. 

The  ioiiowing  expressions  have  been  derived 
for  M„  and  M^. 


M„  =  -  Cj  Act  +  C2 


afco) 

By 


-c3 


3(Aa) 


(4-44) 


Figure  4-37  shows  the  plots  of  the  coeffi¬ 
cients  Cj,  Cg,  C3,  C4,  and  C5  in  yards  for  a 
typical  set  of  firing  conditions: 


F  =  atf  = 


2F 

¥ 


tf  =  1.5  seconds 
target  speed  =  Mach  0.95 


M 


C4 


a(AC)  „  a(aO 

17  +C5  IT 


(4-45) 


interceptor  speed  =  Mach  1.9 
altitude  =  30,000  feet 


where  Cj 


F 


F 


cos  t*  +  sin4 


F  cos  <7  -  R  J 


C2  s  F  sin  cr 
Cg  -  $Rtf 
C4  =  F  sin2  cr 
Cg  =  4>Rt|  sin  cr 

F  -  rocket  travel  distance  (in  yards) 
relative  to  the  interceptor 

F  =  rocket  speed  relative  to  Interceptor 
at  time  of  impact 

if  -  tlme-of- flight  pf  rocket 

R  -  range  of  target  at  time  of  firing 

R  =  range  rate  of  target  at  firing 

4>  -  roll  rate  of  interceptor  at  firing, 
taken  as  positive  if  right  wing  is  go¬ 
ing  down. 

Since  the  target  is  essentially  a  long  rectan¬ 
gle,  it  is  clear  that  M;;  (the  miss  component 
perpendicular  to  the  fuselage)  should  be  kept 
smaller  than  Ma.  Both  M 7  and  M^,  should  be  a 
small  part  of  the  total  "miss"  caused  by  all  ad¬ 
verse  effects  combined.  By  means  of  published 
data  the  effect  of  any  given  values  of  and 
M;;  on  the  probability  of  kill  of  rockets  can  be 
determined.*7  A  reasonable  design  objective 
for  an  Interceptor  radome  appears  to  be  |  M 
<  1  yard;  |Mtrj<  5  yards.  Values  of  M^  and  ^ 
which  are  compatible  with  the  rocket  firing 
problem  have  no  significant  effect  on  the  mis¬ 
sile  launching  problem. 


4>  =  0.2  radian  per  second 


The  coefficients  are  plotted  against  <?,  For 
the  particular  set  of  conditions,  this  angle  at 
firing  does  not  exceed  22°,  but  for  other  speci¬ 
fic  conditions  it  can  assume  somewhat  larger 
values.  (Consideration  of  the  radome  design 
problem  must  include  the  iact  that  when  the 
true  line-of-sight  angle  is  degrees,  the  actual 
radiation  from  the  antenna  passes  through 
areas  of  the  radome  at  angles  which  are  both 
greater  and  less  than  cr.)  Also  shown  on  the 
graphs  of  Figure  4-37  are  folded  scales  which 
give  p,  the  angle  between  the  paths  of  the  in¬ 
terceptor  and  target.  For  a  tall  attack,  (s  is 
taken  as  0°.  The  range  of  the  target  at  the 
time  of  firing  depends  on  p  for  any  given  target 
speed,  Interceptor  speed,  time  of  flight  of  the 
rocket,  and  distance  traveled  by  the  rocket. 
The  target  range  is  thus  a  double-valued  func¬ 
tion  of  a,  and  there  are  two  branches  of  C3  and 
Cg.  Since  A  is  alBo  double-valued,  C}  also  has 
two  branches. 


It  is  interesting  to  note  that  in  an  electrically 
symmetric  system  (that  is,  a  system  with  a 
circularly  symmetric  radome  and  circular  po¬ 
larization),  A  4,  3(/  ')/H,  3(A£ )/3o,  and  3(A o)/dt, 
all  vanish,  so  that  only  Ao  and  s(f\a)/da  are  sig¬ 
nificant. 


On  the  basis  of  these  data,  the  order  of  mag¬ 
nitude  of  the  tolerances  which  will  eventually 
be  set  upon  radome  error  can  be  estimated. 
When  the  effect  of  smoothing  the  angular  data 
1b  taken  into  account,  the  derivatives  turn  out 
to  be  most  conveniently  specified  in  terms  of  a 
maximum  allowable  excursion  of  the  radome 
errors  in  some  interval.  When  the  derivatives 
are  so  specified,  the  order  of  magnitude  of  the 
allowable  radome  tolerances,  for  the  region  a 
less  than  30°  might  be 
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value  of  the  coefficient 


less  than  2  mils 

may  not  vary  more  than  1  mil  In  any  4°  tn- 
Ao  terval  of  a 

mav  not  varv  more  than  0.5  mil  In  anv  10° 
interval  of  4 

'may  not  vary  more  than  0.5  mil  in  any  4° 
interval  of  a 

a: 

may  not  vary  more  than  0.7  mil  In  any  10° 
_intervai  of  4 


4-31.  Effect  of  Radome  Errors  on  MlSBlle 
Guidance 

Of  the  various  types  of  mlsBileB  the  homing 
missiles  have  the  most  stringent  radome  re¬ 
quirements.  High  boresighting  accuracy  and 
low  loss  characteristics  must  be  provided  so 
that  errors  will  not  be  introduced  into  target 
positional  Information.  At  the  same  time  aero¬ 
dynamic  and  material  strength  considerations 
must  be  fulfilled  so  that  the  missile  can  fly  at 
supersonic  Bpeeds.  As  described  in  paragraph 
4-10,  there  are  three  typeB  of  homing  missiles: 
active  seekers,  semiactive  aeekers,  and  pas¬ 
sive  seekers.  Since  at  the  present  state  of  the 
art  semiactive  seekers  seem  to  offer  the  opti¬ 
mum  combination  of  desirable  factors,  the  dis¬ 
cussion  of  the  effect  of  radome  error  on  mis¬ 
sile  guidance  le  concerned  with  thle  type  of 
missile.  Specific  reference  is  made  to  the 
Hughes  Falcon  for  the  analysis. 28 


4-32.  Falcon  Navigation 


The  antenna  of  the  Falcon  missile  consists  of 
a  conically  scanning  paraboloid  mounted  on  the 
rotor  of  a  processed  gyroscope.  When  the  an¬ 
tenna  and  gyroscope  are  enclosed  In  a  radome, 
the  apparent  line- of- sight  does  not  coincide 
with  the  true  line- of- sight.  The  angle  vr  be¬ 
tween  the  apparent  and  true  lines- of- sight 
(Figures  4-38  and  4-39)  is  called  the  radome 
error  angle,  or  simply  the  radome  error.  The 
components  of  this  angle  in  and  perpendicular 
to  the  plane  of  offset  frequently  are  referred  to 
as  the  in-plane  error  and  the  crosstalk  error, 
respectively.  As  was  noted  in  Section  D,  the 
radome  error  1b  not  a  property  of  the  radome 
alone,  but  rather  depends  on  the  complex  elec¬ 
tromagnetic  interactions  of  the  complete 
radome-antenna  missile  body  system. 


(angle  between  path!  of  interceptor 
ond  target, degree!) 

K»vr»  4-17.  CeWttcfMM  efM/M  teveflew 


If  the  radome  and  missile  structure  are  care¬ 
fully  constructed  and  are  axially  symmetric, 
and  if  the  receiving  antenna  and  illuminating 
signal  are  circularly  polarized,  the  radome 
error  should  have  axial  symmetry  and  thus 
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should  not  be  a  function  of  roll  attitude,  If  the 
polarization  of  either  the  transmitter  or  re¬ 
ceiver  is  not  circular,  the  radome  error  in 
general  will  not  show  axial  symmetry. 

The  Falcon  seeker  is  sensitive  not  to  the  ab¬ 
solute  orientation  of  the  llne-of-sight  in  space, 
but  rather  to  the  rate  at  which  this  orientation 
is  changing.  Correspondingly,  it  is  not  pri¬ 
marily  the  radome  error  itself  which  affects 
navigation  but  rather  the  rate  of  change  of  the 
radome  error  with  change  in  orientation  of  the 
line-of-sight  relative  to  missile  coordinates. 
Figure  4-36  Indicates  the  angles  of  interest  for 
the  simplified  nonrolling  missile  navigating  in 
a  plane,  and  the  radome  error  derivative  k  Is 
defined  as 


k  -  dnr/d/5  (4-46) 


The  actual  three-dimensional  case  is  shown 
in  Figure  4-39.  The  definitions  of  the  angles  fl 
and  v.  are  the  same  as  those  in  the  simplified 
case  out  need  not  be  coplanar.  Four  component 
derivatives  analogous  to  the  k  of  Equation 
(4-46)  are  required  to  characterize  the  radome 
error  completely;  It  is  convenient  to  define 
these  derivatives  with  respect  to  the  missile 
control  coordinates.  Since  the  angle  nr  Is 
small,  It  may  be  resolved  into  yaw  and  pitch 
components,  nri  and  n-g.-  respectively.  An  in¬ 
finitesimal  change  in  the  llne-of-slght  can  also 
be  described  by  yaw  and  pitch  components,  d/3j 
and  d/%,  respectively.  The  four  radome  error 
derivatives  are: 

ki  3 3nrl/d£l 


k^2  =  3T>r2/9^l 
kg  *  3t' r2^d^2 
k21  m*nri/W2 


(4-47) 


Derivatives  k |2  and  k2i  represent  a  cross- 
connection  between  the  missile  control  chan¬ 
nels,  motion  of  the  target  in  one  of  the  missile 
coordinates  causing  an  apparent  motion  in  the 
other  coordinate  as  well  if  these  cross-deriva¬ 
tives  hive  finite  values. 

4-33.  Appearance  of  Radnmp  Error  in  Falcon 
Transfer  Function 


The  basic  linearized  proportional  navigation 
guidance  system  of  the  Falcon  missile,  in  the 
absence  of  radome  error  and  under  the  ideal¬ 
ization  of  a  single-channel  nonrolling  missile 
navigating  in  a  plane,  is  indicated  by  the  servo 
diagram  of  Figure  4-40.  A  flipper  deflection  5, 
proportional  to  the  measure  llne-of-sight  ro¬ 
tation  rate  b,  gives  rise  to,  an  angle  of  attack  n 
and  thus  to  a  rotation  rate  y  of  the  missile  vel¬ 
ocity  vector.  This  sequence  in  turn  reacts  on  b 
in  accordance  with  the  trajectory  geometry 
equation.  Other  symbols  used  in  Figure  4-40 
are  defined  as  follows: 


p  *  d/dt  (also  represented  by  a  dot) 

Q  *  static  value  of  a/8 

r  =  ratio  of  closing  velocity  to  component  of 
missile  velocity  along  llne-of-slght 

T  *  time  of  flight  remaining  to  collision 

Zm  «  missile  control  transfer  function  denom¬ 
inator  (static  value  unity) 

Zq  *  aerodynamic  transfer  function  denomi¬ 
nator,  (pV^q*  +  2  Cq  p/wq  +  1) 


missile  axis 
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^0  =  natural  weathercock  frequency 

£q  =  aerodynamic  damping  constant 

Kq  =  navigation  constant  (static  value  y/b)  in 
absence  of  radome  error 


where  0  -  rate  of  rotation  of  missile  axis. 

As  is  shown  In  the  resulting  servo  diagram  of 

VlmitiA  A- A 1  t'sHAWA  TTG?  ir.trtjd'JCCC  Z 

*  *0““'  *  ■*-»  “*v 

second  feedback  loop  between  the  output  and 
input  of  the  missile  transfer  function. 


rfl  -  turning  time  constant 

It  can  be  seen  from  Figure  4-40  that  the  tra¬ 
jectory  represents  a  feedback  loop  between  the 
output  and  Input  of  the  missile  transfer  func¬ 
tion.  When  the  effects  of  radome  error  are 
considered,  the  servo  diagram  is  modified. 
The  apparent  line-of-sight  and  the  true  line-of- 
sight  now  differ  by  the  boreslght  error,  as  il¬ 
lustrated  in  Figure  4-38.  To  linearize  the 
problem,  the  radome  error  derivative  k,  as  de¬ 
fined  by  liquation  (4-46),  is  assumed  indepen¬ 
dent  of  the  offset  angle  of  the  line-of-sight 
from  the  missile  axis.  The  appropriate  equa¬ 
tions  are 


py  =  p  +  Tjr  (4-48) 

iJr  k/3  =  k(e  -  <r)  =  k(a  ty-p)  (4-49) 


With  all  the  coefficients  in  the  inner  loop  con¬ 
sidered  constant,  It  is  possible  to  replace  this 
loop  in  the  servo  diagram  by  an  equivalent 
straight-through  transfer  function,  as  indicated 
in  Figure  4-42,  where  ZB  represents  the  oper¬ 
ator  (Tg/p+  1).  Comparison  with  Figure  4-40 
shows  that  the  overall  effect  of  the  assumed 
radome  error  is  to  change  the  missile  transfer 
function  Y  (Including  aerodynamics)  from 

Y0=h0/ZmZo  (4-50) 


into 


Y  =• 


(1  -  k^p 
zmz0  -  ^0Zs 


(4-51) 


Since  the  static  values  of  Zm,  Zq,  and  Zs  are 
all  unity,  it  is  seen  from  Equation  (4-51)  that  a  , 
the  effective  navigation  constant,  is  given  by 


We vn  4-40.  Two  Dlmmlmwl  Bale**  MJkm*  Syitm 


If  the  analysis  is  extended  to  the  actual  three- 
dimensional  case,  Equations  (4-48)  and  (4-49) 
become 

°rl  "  C1  +1>rl  *  al  +  +  ^21^2  (4-53) 

<*r2  “  "Z  +  ^r2  “  "2  +  k2^2  +  ^12^1  (4-54) 

where  the  subscripts  1  and  2  designate  the  two 
missile  control  channels  In  Figure  4-39.  The 
resulting  complete  servo  diagram  1s  given  in 
Figure  4-43  with  Y0  defined  by  Equation  (4-50). 

4-34.  Kadome  Error  and  Missile  Stability 

A  very  serious  effect  that  can  arise  from 
radome  error  is  instability  of  the  missile  tra- 


forget 
maneuver 


I  r(Tp-2)  I 
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jectory.  An  unstable  missile  trajectory  does 
not  approach  a  collision  course  but,  Instead, 
oscillates  with  Increasing  amplitude  about  such 
a  course.  This  oscillation  may  build  up  to  a 
point  at  which  It  overloads  the  control  system, 
causing  loss  of  control  of  the  missile. 

Hie  two-dimensional  case  is  considered  first, 
The  stability  of  the  trajectory  is  Investigated 
by  neglecting  the  trajectory  geometry  feedback. 
If  the  remaining  transfer  function  Y  is  unsta¬ 
ble,  the  trajectory  is  classed  as  long-range  un¬ 
stable. 

For  Y  to  be  stable,  it  is  necessaiy  that  the 
static  value  K  be  positive  and  that  all  the  roots 
of  the  characteristic  equation 

Z0  “  ^0  Zs=0  (4-86) 

have  negaUve  real  parts.  Since  Xq  is  always 
greater  than  unity,  the  first  condition  applied  to 
Equation  (4-52)  requires  either  that  kXn  be  less 
than  unity  or  that  k  be  greater  than  unity.  Only 
the  first  alternative  Is  found  to  be  of  practical 
significance.  It  is  found  that  the  transfer  func¬ 
tion  Y  becomes  unstable  if  the  parameter  kXg 
falls  outside  a  critical  range  of  values  (the 
quantity  k  Aq  Is  the  d-c  loop  gain  of  the  radome 
error  feedback  loop  shown  In  Figure  4-41), 
Apart  from  the  goneral  requirement  that  kx0  be 
less  than  unity,  the  limits  of  this  critical  range 
depend  upon  the  numerical  constants  of  the 
system.  If  kx0  is  neglected,  with  respect  to 


unity,  an  approximate  expression  for  the 
radome  error  stability  limits  is  the  following: 

(‘"fjp*  (MI) 

]2i^0)  -  Je.k\0Tg*  0 

where  rj  and  t2  represent  roughly  equal  time 
lags.  If  the  frequencies  and  (tj  tj)-1/*  are 
well  separated,  as  usually  Is  the  case,  then  the 
real  part  of  Equation  (4-56)  Is  satisfied  ap¬ 
proximately  at  each  of  these  two  frequencies. 
Approximate  stability  limits  for  kxg  may  be 
found,  therefore,  by  a  solution  of  the  imaginary 
part  of  Equation  (4-56)  at  these  two  frequen¬ 
cies,  respectively. 

Positive  Radome  Error  Limit.  If  is  much 
larger  than  "1  ■  (Ti  T2)-1' z,  then  In  tne  neigh¬ 
borhood  of  the  latter  frequency  the  radome 
stability  limit  is  approximated  by 


where  the  low  frequency  damping  constant  is 
set  equal  to  zero.  Curves  Indicating  the  accur¬ 
acy  of  this  approximate  expression  are  given  in 
Figure  4-44.  It  follows  from  Equation  (4-57) 
and  from  the  additional  requirement  that  be 
positive  that  the  long-range  stability  restric¬ 
tions  which  apply  to  positive  radome  error  de¬ 
rivatives  are 
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(4-58) 


6 


(1)  kXg  must  be  less  than  1  when 

Tg  <  TJ  ♦  T2 


T1  +  79 

(2)  k^Q  must  be  less  than  -=-^ — —when 


ts  >  n  +  r2 


(4-59) 


The  first  limit  Is  exact;  the  second  is  approx¬ 
imate.  The  first  limit  is  applicable  to  the  mis- 
Bile  at  low  altitudes  and  the  second,  at  high  al¬ 
titudes.  When  the  first  stability  limit  is  ex¬ 
ceeded,  the  instability  is  at  zero  frequency,  and 
the  missile  turns  steadily  away  from  a  colli¬ 
sion  course  Instead  of  toward  one.  When  the 
second  stability  limit  is  exceeded,  the  missile 
trajectory  oscillates  with  increasing  amplitude 
at  a  low  frequency  whose  period  Is  determined 
primarily  by  the  time  constants  and  r 2. 


rl  +  r2 
Tt 
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Curves  indicating  the  accuracy  of  this  ap¬ 
proximate  expression  are  presented  in  Figure 
4-45. 


The  aerodynamic  parameter  r  is  a  function 
of  air  density  and  increases  at  higher  altitudes. 
Correspondingly,  the  stability  limit  on  positive 
radome  error  derivative  becomes  increasingly 
tight  at  higher  altitudes. 


If  the  radome  error  derivative  becomes  more 
negative  than  the  above  limit,  the  missile  be¬ 
comes  unstable  at  approximately  the  weather¬ 
cock  frequency,  and  the  weathercock  oscilla¬ 
tions  increase  with  time  instead  of  dying  out. 


Negative  Radome  Error  Limit.  Again,  if 
is  much  larger  than  (rj  t2)*1''2,  then  In  the 
neighborhood  of  uq  the  requirement  that  the 
high  frequency  damping  constant  tg  remain 
positive  yields,  as  the  long-range  stability  re¬ 
striction  on  negative  radome  error  derivative, 

k\n  must  be  greater  than 
0  (4-60) 

Ts 


Figaro  4-44 .  Ratio  of  Exact  To  Approximate  Pool  live 
k  Aq  Stability  Limit  for  rj  '  rj 


The  aerodynamic  parameter  ratio  io"(/Ts 
decreases  rapidly  with  increasing  altitude,  and 
the  stability  limit  on  negative  radome  error 
derivative  becomes  exceedingly  small  (on  the 
order  of  -0.01)  at  maximum  altitude. 

Analytical  and  simulator  studies  have  shown 
that  the  trajectory  feedback  tends  to  increase 
the  effects  of  positive  radome  error  derivative 
and  to  decrease  the  effects  of  negative  radome 
error  derivative.  The  simulator  studies  have 
also  shown  that,  if  the  positive  radome  error 
derivative  is  as  large  as  two-thirds  of  the  lim¬ 
iting  value  for  long-range  stability,  the  miss 
may  be  several  times  larger  than  with  no 
radome  error,  even  in  the  absence  of  noise. 
On  the  other  hand,  the  negative  radome  error 
derivative  can  be  equal  to  or  slightly  outside 
the  long-range  stability  limit,  and  with  no  input 
noise  the  miss  remains  relatively  small. 

The  foregoing  stability  analysis  applies  to 
each  of  the  two  missile  control  channels  indi¬ 
vidually.  The  radome  error  cross-derivatives 
kj^  and  k2^  also  affect  the  stability  of  the  ac¬ 
tual  three-dimensional  trajectory,  because  of 
the  small  closed  loop  which  they  introduce  into 
the  overall  system.  Similar  analysis,  with 
some  extensions,  shows  that  the  amount  of 
cross-coupling  which  can  be  permitted  depends 
upon  the  amount  of  direct  radome  error  deriv- 
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ative  which  is  present,  and  the  true  stability 
limit  is  a  Joint  one  involving  k  andjk^  kj^.  if 

there  is  any  cross-coupling  present,  a  smaller 
amount  of  direct  radome  error  derivative  is 
icquiieu  iu  ctiuau  iiutia'uiliiy .  Larger  amounts 
of  cross-coupling  can  cause  instability  even  if 
the  direct  radome  error  derivative  is  zero.  It 
should  be  noted,  however,  that  the  effect  of 
radome  errors  on  guidance  accuracy  becomes 
pronounced  long  before  the  system  becomes 
unstable.  A  typical  curve  of  guidance  miss  due 
to  scintillation  noise  as  a  function  of  positive 
tn-plane  error  slope  alone  is  shown  in  Figure 
4-46. 

4-36.  Radome  Error  and  Navigation  Constant 

A  quantity  of  fundamental  Importance  In  a 
proportional  navigation  system  is  the  naviga¬ 
tion  constant  k,  defined  as  the  steady-state  ratio 
of  the  rate  of  turn  of  the  missile,  to  the  rate  of 
rotation  of  the  line-of-sight  (y  =  her).  This  zero 
frequency  gain  of  the  missile  transfer  function 
Y  is  affected  by  radome  error.  Accordingly 
then,  the  navigation  constant  in  the  presence  of 
radome  error  h  is  related  to  the  navigation 
constant  in  the  absence  of  radome  error  Aq  by 


As  can  be  seen,  the  navigation  constant  be¬ 
comes  infinite  when  k  =  1/\q.  This  condition 
corresponds  to  the  instability  at  zero  fre¬ 
quency  mentioned  previously.  If  the  radome 
error  derivative  is  negative,  a  maximum  limit 
is  set  on  the  available  A;  even  if  \q  is  infinite, 
h  is  equal  only  to  -(1  -  k)/k. 

With  most  radomes,  the  radome  error  deriv¬ 
ative,  k,  is  a  function  of  the  antenna  offset  angle. 
Ab  a  result,  the  navigation  constant  of  a  missile 
varies  throughout  its  flight  and  may  depart  sig¬ 
nificantly  from  the  optimum  or  desired  value. 
To  maintain  a  reasonable  probability  of  kill,  this 
variation  of  navigation  constant  cannot  be 
allowed  to  be  excessively  large  -  a  restriction 
which  constitutes  one  of  the  most  Important 
limitations  on  radome  error  for  the  tactical 
missile. 

4-36.  Radome  Error  and  Response  to  Noise 

It  has  been  shown  that  a  finite  radome  error 
derivative  changes  the  transfer  function  re¬ 
lating  the  line-of-slght  angle  a  to  the  flight- 
path  angle  y,  Even  when  the  radome  error 
derivative  is  of  insufficient  magnitude  to  pro- 
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duce  instability,  it  still  may  produce  marked 
changes  in  the  response  of  the  missile  to 
scintillation  noise. 


Simulator  studies  of  missile  trajectories  have 
shown  tKl  with  nogative  radome  error  deriv¬ 
atives  as  large  as  the  stability  limit,  the  rms 
miss  due  to  scintillation  noise  is  not  signifi¬ 
cantly  altered,  even  though  the  rms  lateral  ac¬ 
celeration  is  greatly  Increased.  However,  the 
limit  on  positive  radome  error  derivative  im¬ 
posed  by  noise  is  much  tighter  than  the  limit 
Imposed  by  missile  instability.  If  the  radome 
is  not  to  cause  excessive  decrease  in  the  prob¬ 
ability  of  kill  when  considerable  amplitude 
scinti’Ution  noise  is  present,  the  positive  ra¬ 
dome  error  derivative  generally  must  be  less 
than  one-filth  the  limit  set  by  stability  con¬ 
siderations. 

4-37.  Secondary  Factors  in  Radome  Error 
Analysis 

The  above  discussion  has  introduced  a  brief 
analysis  of  some  of  the  more  important  factors 
influencing  radome  error.  There  are  several 
other  factors  which  will  not  be  discussed  \ 
detail  but  must  be  brought  to  the  reader’s  at¬ 
tention. 
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In  addition  to  two  principal  time  lag^,  there 


are  usually  several  other  smaller  time  con¬ 
stants  involved.  Such  time  lags  tend  to  reduce 
the  missile  response  to  noise.  Because  of  the 
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however,  these  small  time  lags  might  make  the 
radome  error  stability  limits  even  tighter. 


Another  influencing  (actor  Is  the  polarization 
of  the  Incoming  signal.  This  factor  can  affect 
the  missile  navigation  In  several  w:  -'g,  de¬ 
pending  on  what  combination  of  signal  polari¬ 
zation,  receiving  antenna  polarization,  and  roll 
control  is  used.  The  effect  of  polarization  on 
radome  error  is  discussed  in  detail  in  para¬ 
graphs  4-23  through  4-20. 

4-38.  Nonlinear  Radome  Error  Analysis 


In  the  analyses  which  have  been  summarized 
in  the  preceding  sections,  it  has  been  shown 
that  a  radome  error  derivative  which  falls  out¬ 
side  a  certain  range  of  values  leads  to  an  un¬ 
stable  trajectory.  These  analyses  aeait  with  a 
linearized  version  of  the  problem.  All  para¬ 
meters  were  assumed  to  be  constant,  and  the 
radome  error  derivative  k.  was  assumed  to  be 
Independent  of  the  offset  angle  f>  of  the  llne-of- 
slght  from  the  missile  axis.  It  is  possible  to 
obtain  useful  results  by  considering  k  as  a  func¬ 
tion  of  fl,  which  is  the  case  in  the  physical  prob¬ 
lem.  Though  at  the  present  time  such  analysis 
is  not  conclusive  or  complete,  nonlinear  ra¬ 
dome  error  analysis  appears  to  promise  some 
relaxing  of  the  limit  on  positive  radome  error 
derivative.  It  seems  possible  that  the  positive 
radome  error  derivative  limit  can  be  relaxed 
over  a  limited  range  of  angles. 


SECTION  F.  PREDICTION  OF  RADOME  ERRORS 


4-39.  Radome  Size  and  General  Approaches 

For  convenience  ol  discussion  In  radome  error 
prediction  techniques,  radomes  are  divided  Into 
two  general  groups:  large  radomes  and  small 
radomes.  The  large  radome  is  characterized 
by  an  antenna  aperture  of  more  than  19  wave¬ 
lengths  In  diameter,  a  circle  of  clearance  be¬ 
tween  antenna  and  radome  on  the  order  of  one 
or  more  wavelengths,  and  small  wall  curva¬ 
tures  compared  with  wavelength.  All  other  ra¬ 
domes  are  considered  to  be  small.  The  line  of 
demarcation  between  the  two  general  groups  Is 
rather  nebulous,  and,  undoubtedly,  radomes 
exist  that  could  fall  Into  either  group.  As  far 
as  prediction  methods  are  concerned,  It  Is  ad¬ 
visable  to  classify  these  radomes  as  small. 

Large  radomes  are  associated  with  small 
boreslght  errors,  usually  no  greater  than  a 
few  mile  In  the  nose  area  for  a  well-designed 
radome.  Most  large  systems  are  designed  to 
transmit  fairly  narrow  beams  which  are  highly 
directive,  and  It  Is  usually  assumed  that  the 
antenna  does  not  see  much  of  *he  radome  area 
at  any  one  look  angle.  For  these  reasons  the 
angles  of  Incidence  at  which  the  energy  reaches 
the  wall  of  a  large  radome  do  not  vary  appre¬ 
ciably,  except  In  the  nose  area,  and  errors  that 
might  be  Introduced  are  low.  The  distance  be¬ 
tween  antenna  aperture  and  radome  wall  In  the 
large  systems  acts  asanother  error-minimizing 
factor:  any  radome  is  a  scatterer  (secondary 
radiation  source)  In  the  system,  but  the  per¬ 
turbations  caused  by  a  large  radome  In  the 
transmitted  field  will  be  somewhat  less  than 
those  of  a  small  radome  for  two  reasons:  (1) 


The  separation  between  radome  and  antenna 
aperture  In  a  large  system  allows  for  a  better 
defined  field,  and  (2)  the  energy  region  adjacent 
to  theantenna  Is  very  sensitive  to  any  obstacles, 
but  the  farther  away  the  radome  Is,  the  less  of 
an  obstacle  It  appears  to  be. 

In  large  antenna- radome  systems,  the  varia¬ 
tion  in  boreslght  error  In  supposedly  similar 
radomes,  due  for  example  to  a  lack  of  concen¬ 
tricity,  is  frequently  of  the  same  magnitude  as 
the  error  itself,  The  variation  makes  diffi¬ 
cult  the  correlation  of  theory  and  experiment  in 
any  error-prediction  method.  Most  current 
prediction  techniques  are  directed  toward  the 
calculation  of  boreslght  error  curves  by  means 
of  geometrical-optics  methods  or  modifications 
of  these  methods.  For  large  radomes  simple 
ray  tracing  Is  frequently  used  and  except  In  the 
nose  area,  often  predicts  errors  with  sufficient 
accuracy  to  recommend  its  use  alone.  Another 
technique  that  has  been  found  very  useful  in 
large  radome  applications  Is  based  on  an  angu¬ 
lar-magnification  method  and  was  originally 
applied  to  lens  design.  The  technique  makes 
possible  rapid  beam-shift  calculations  for  a 
large  section  of  the  radome  and  requires  only 
the  use  of  a  slide  rule  or  desk  calculator.  For 
the  parts  of  the  large  radome  that  have  radii  of 
curvature  comparable  to  wavelength  (chiefly  the 
nose  portion),  phase-retardation  methods  must 
be  employed. 

Small  radomes  Inherently  have  fairly  large 
boreslght  errors  for  several  reasons.  The  radii 
of  the  wall  curvatures  are  the  same  order  of 
magnitude  as  the  wavelength  in  the  small  an- 
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tenna-radome  systems,  and  the  angles  ol  Inci¬ 
dence  for  any  look  angle  will  yaxy  widely.  The 
antenna  may  see  the  entire  side  of  the  radome 
at  one  look  angle.  The  comparatively  short 
distance  from  radome  wall  to  antenna  aperture 
mskec  the  radouie appear  >o  be  a  large  obstacle 
in  the  radiated  field  inside  the  radome.  The 
various  scattering  effects  (reflections,  Images, 
etc.)  will  Introduce  perturbations  which  make 
the  field  inside  the  radome  extremely  complex. 
Consequently,  It  Is  extremely  difficult,  if  not 
Impossible,  to  analyze  exactly  any  changes  In 
that  field  that  may  occur  as  the  field  traverses 
the  radome  wall.  As  was  mentioned  In  Section 
D,  radome  errors  generally  Increase  In  size  as 
the  antenna  aperture  decreases  In  diameter. 
Figure  4-47  shows  the  comparative  positions  of 
antenna  aperture  and  radome  for  a  typical  small 
system  (a)  and  for  a  typical  large  system  (b). 
In  the  small  system,  an  aperture  of  B  inches 
diameter  and  a  radome  length  of  10  Inches  are 
assumed.  With  a  wavelength  of,  say,  1.3  Inches, 
a  maximum  of  only  7.7  wavelengths  separate 
aperture  from  radome.  In  contrast,  the  large 
system  has  an  assumed  aperture  diameter  of 
20  Inches  and  a  radome  length  of  72  Inches. 
With  the  1.3-lnch  wavelength  there  would  be  a 
maximum  of  about  SB  wavelengths  separating 
the  two  scatterers  In  the  system.  Furthermore, 
in  a  small  radome -antenna  system  the  small 


separation  (antenna  and  side  of  radome)  may  be 
on  theorder  of  a  small  fractionof  a  wavelength, 
whereas  for  a  large  radome-antenna  system  the 
separation  Is  a  wavelength  or  so.  The  possible 
potential  effect  of  the  small  rsuuiue  on  the  neid 
contained  within  It  is  appreciably  greater  than 
that  of  the  large  radome. 

There  are  a  number  of  approaches  towards 
accurate  prediction  of  boreBight  errors  in  the 
small  radome-antenna  systems;  others  are 
being  developed.  None  of  the  several  methods 
has  as  yet  produced  a  completely  general  me¬ 
thod  of  approach,  primarily  because  the  fields 
Inside  the  small  radome  have  not  yet  beon  ac- 
cuiately  analyzed.  Because  of  the  complexity 
of  the  mathematics  Involved,  the  standard  me¬ 
thod  of  approach  can  only  Involve  the  deter¬ 
mination  of  the  fields  by  some  approximation. 
A  few  of  the  prediction  techniques  for  small 
radomes  will  be  discussed  briefly  to  illustrate 
the  current  approaches  to  the  problem. 

In  general,  the  following  statements  can  be 
made  about  prediction  techniques:^9 

a.  For  the  large  radome,  there  are  at  least 
three  approaches  that  yield  accurate  prediction 
of  borestght  error, 
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b.  For  the  small  radome,  no  one  method  has 
consistently  predicted  boreslght  error  ac¬ 
curately,  although  several  methods  have  met 
with  limited  success, 

■J-40.  Geometrical  uptlcs  (Kay  Tracing) 

The  use  ol  geometrical  optics  Id  the  design  ol 
raUumcs  lias  been  practiced  by  every  radomc 
designer  and  manufacturer  of  radomes  at  one 
time  or  another.  Though  more  sophisticated 
procedures  are  required  for  many  types  of  ra- 
domeu,  ray-geometry  and  cylindrical -symmetry 
applications  should  not  be  overlooked.  Many 
times  these  simplified  methods  are  of  sufficient 
accuracy  *o  turn  out  the  required  radome.  The 
techniques  can  be  used  for  an  approximate  pre¬ 
diction  of  average  beam  shift  caused  by  a  ra- 
dome^O  and  are  particularly  useful  with  large 
radomes. 

In  the  most  simple  methods  of  iay  tracing,  a 
central  beam  Is  assumed  to  originate  as  a  plane 
wave  from  the  antenna  aperture.  The  ray  Is 
traced  through  the  radome  wall,  and  tha  devia  ¬ 
tion  introduced  by  the  radome  is  calculated, 
the  analysis  generally  makes  use  of  a  geomet¬ 
rical  model.  Parallel  surfaces  can  be  shown  to 
nave  a  common  normal  at  corresponding  points 
and  to  have  simply  related  radii  of  curvature, 
1/  arbitrary  cylinders  are  replaced  by  their 
osculating  circular  cylinders,  a  simple  formula 
can  be  obtained  for  the  ray  deviation  introduced 
by  curvature.  An  approximation  for  small  cur¬ 
vature  and  one  for  a  dielectric  constant  near 
unity  can  be  made.  It  can  also  be  shown  that 
the  beam  deviation  will  increase  with  the  di¬ 
electric  constant  for  constant  thickness  but  will 
increase  and  then  decrease  when  the  thickness 
Is  half-wave. 


F  i  yur*  4—49.  Crall  Station  of  R attorn*  P*rp*ndlc  ular  To 
Elointnlo  of  a  Cylinder 


rays  represent  the  electromagnetic  energy. 
The  rays  are  parallel  to  one  another  and  per¬ 
pendicular  to  the  elements  of  the  cylindrical 
wall  (Figure  4-48),  Sufficient  symmetry  is 
assumed  so  that  sideways  deviation  of  the  beam 
!s  neglected  as  far  as  ray  geometry  alone  is 
concerned.  The  common  ray  direction  Is  de¬ 
noted  by  a  unit  vector  A,  and  the  normal  to  the 
surface  by  N.  The  vector  A  is  fixed,  while  N 
changes  from  point  to  point  on  the  surface.  At 
a  given  point  a  plane  can  be  passed  through  A 
and  N  Intersecting  the  surface  In  two  plane 
curves.  Except  for  terms  0(a2)  In  the  thickness 
(a),  the  plane  curves  may  be  replaced  by  their 
circles  of  curvature.  Figure  4-49  represents 
the  situation  obtained  when  circles  are  con¬ 
sidered.  The  problem  is  reduced  to  two  dimen¬ 
sions  and  all  terms  of  (a/r)z,  where  r  Is  the 
radius  of  curvature,  are  neglected.  By  Snell’s 
Law  and  with  reference  to  Figure  4-49, 


It  Is  first  assumed  that  the  radome  Is  part  of 
a  cylinder  (not  necessarily  circular)  and  that 


sin  sin  &  _  fT" 

sin  s2  sln  93 


(4-62) 


N  '  normal  to  the.  surfoc* 


and  the  law  of  Bines  gives 

sin  sin  (>2 


r  -  a 


Equations  (4-62)  and  (4-63)  give 


sin  6  =  1  —  sin  0 , 
r  1 


(4-63) 


(4-64) 


showing  that  the  relation  of  to  o  does  not  in¬ 
volve  the  dielectric  constant  c. 
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Since  c-  t>2  -  ff3>  Equation  (4-62)  can  be  used 
to  show  that 

1  /J 

«  sin  c  =  sin  £ ,  (t  -  sin2  6)  '  - 

3  1/2 

sin  o  (e  -  slnz  ''*1) 

Now  the  beam  deviation  S  Is 

5  =  Sj  -  {6  +  C)  (4-66) 


The  curves  of  Figure  4-50  indicate  h#  1  the 
beam  deviation  increases  with  the  dielectric 
constant,  other  things  being  equal,  and  according 
to  Equation  (4-68),  the  limiting  value  is  (a/r) 
tan  0.  If  a  half-wave  wall  construction  is  used 
for  a  given  angle  of  incidence, 

a  =  (n  k/2  (f  -  sin2  6)'1  2  ^4_69) 

(n  =  1,2,3.  .  .) 
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t  a  4  -  3  sin^  8  (4-71) 


and  to  have  the  value 
nx 

smaxE«Tta,,e88ce  (4-72) 


Thus,  the  reduction  In  thickness  given  toy 
Equation  (4-89)  la  aometlmea  sufficient  to  off- 
eet  the  increased  beam  shift  predicted  by  Equa¬ 
tion  (4-68),  It  should  also  be  noted  that  under 
the  present  considerations  the  worst  possible 
e  for  a  solid  half-wave  wall  occurs  between  1 
and  4.  Graphical  presentation  is  given  in 
Figure  4-51. 

Hie  various  rays  must  be  combined  after 
transmission  to  give  a  sort  of  "average  devia¬ 
tion."  For  small  deviations  the  angle  le  nearly 
equal  to  the  component  of  the  error  vector  A' 
-A,  as  shown  In  Figure  4-52.  By  Equation 
(4-68)  it  can  be  seen  that  the  shift  of  each  ray 
Is  toward  the  normal  of  the  surface  at  the  point 
of  observation.  The  average  shift  should  then 
be  in  a  direction  away  from  the  radome  apex, 


and  this  prediction  is  found  to  be  true.  The 
average  beam  deviation  of  radomes  with  several 
layers,  as  in  sandwich  radomes,  can  be  pre¬ 
dicted  by  repeated  use  of  these  relations. 


Figure  4-S2,  Err*  V*e Hr 
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The  chief  recommendation  for  the  use  of  cylin¬ 
drical  symmetry  and  ray  geometry  Is  the  sim¬ 
plicity  of  J>e  techniques.  They  do,  however, 
have  shortcomings:  radomes  encountered  In 

sr;  cfrtiinly  cylindrical,  and  tha 

methods  fall  to  account  for  crosstalk  deviation. 
The  latter  fullure  Is  Inherent  In  any  scalar 
theory  that  Is  bound  to  predict  zero  crosstalk 
for  every  system  that  has  as  much  symmetry 
as  those  in  use.  A  definitive  theory  can  be  found 
only  by  the  Inclusion  of  polarization  In  the 
analyst?. 

4-41.  Modifications  of  Geometrical  Optics 

The  calculation  of  ray  deviations  through  a 
radome  may  be  egarded  as  a  problem  of  de¬ 
termining  the  optical  angular  magnification  of 
the  radome.  A  prediction  technique  that  follows 
this  type  of  approach  is  the  M‘  method.  The  in¬ 
plane  error  of  a  given  radome  can  be  calculated 
and  is  a  zeroth  approximation  to  the  true  error. 
From  work  done  at  the  Dalmo- Victor  Company 
the  technique  can  be  briefly  outlined. 28 


4-42.  The  M'  Method 

The  radome  Is  considered  as  a  lens  of  weak 
magnification  and  the  angles  of  incidence  are 
not  assumed  to  be  large.  Layout  of  the  radome 
for  the  M'  method  is  shown  In  Figure  4-53,  The 
in-plane  error  is  calculated  lor  each  look  angle, 
and  an  error  curve  Is  plotted  from  the  data. 
For  each  look  angle  a  family  of  general  rays  Is 
drawn  so  that  each  ray  Is  parallel  with  the  axis 
of  the  reflector  or  antenna  aperture.  At  the 
point  at  which  each  ray  strikes  the  Inner  sur¬ 
face  of  the  radome  a  tangential  sphere  Is  con¬ 
structed  with  the  same  radius  of  curvature  as 
the  radome  at  that  point.  An  optical  axis  Is 
drawn  parallel  with  the  radome  axis  from  the 
center  of  the  sphere  to  Its  edge.  The  distance 
along  the  optical  axis  from  the  center  of  the 
tangential  sphere  to  the  Intersection  of  the  opti¬ 
cal  axis  with  the  tangential  sphere  Is  termed  U 
and  Is  a  parameter  in  the  prediction  equation. 
The  distance  U  will  be  different  for  each  ray  at 
each  look  angle,  since  the  tangential  spheres 
will  all  have  different  centers. 


Fltviw  4— S3.  RmJamrn  Lwptvt  for  U '  Emr  Pttdlctlan  UtthaJ 
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The  ray  deviation  (Aw')  ran  be  expressed  as 

A  V'  -  (M'  -  l)w  (4-73) 

where 


Aw'  =  ray  deviation  or  ln-plane  error 


The  method  Is  quite  general  and  can  be  ex¬ 
tended  to  cover  any  type  of  sandwich  radome 
structure,  but  more  accurate  results  will  be 
obtained  with  large  radomes  than  with  small 
ones.  Symmetry  Is  assumed  in  the  radome  no 
that  the  method  does  not  take  crosstalk  into 
account.  In  addition,  since  polarization  iB 
Ignored,  results  are  meaningful  In  magnitude 
only,  not  in  sign. 

4-43.  Anter.na  Modification  Method 


w  =  look  angle 

U  =  distance  along  the  optical  axis  between 
the  point  of  intersection  of  each  ray  with 
its  optical  axis  and  the  intersection  of 
that  optical  axis  with  the  tangential  sphere 
for  the  ray 


De  = 


+D2 


Dj  =  dioptric  power  of  outer  surface  of  radome 

D2=  dioptric  power  of  inner  surface  of  radome 
t  =  thickness  of  radome 
n  =  index  of  refraction  of  radome 

The  results  of  a  prediction  by  the  M’  method 
of  the  error  Introduced  into  a  central  ray  by  a 
typical  large  radome  are  compiled  in  Table 
4-VI  with  comparative  data  obtained  by  a  geo¬ 
metrical-optics  ray  tracing  method.  Both 
methods  predict  errors  less  than  1  mil;  the 
measured  in-plane  error  of  the  radome  was 
also  less  than  1  mil  for  look  angles  greater 
than  10°. 


Toblo  4 -VI.  Comparlton  of  and  Goomotrlcal 
Optlet  Ray  Tracing  Molbo  da  tor  Contra  I  Roy 
with  Typical  Largo  Radomo* 


Look  Angle,  w 
(degrees) 

Predicted  Beam  Deviation 
Caused  by  Radome 

M' Method 
(mil) 

Geometric  Optics 
(mil) 

6.2041 

0.0195 

0.3022 

10 

0.0192 

0.0833 

25 

0.0176 

0.0429 

35 

0.0159 

0.0281 

45 

0.0138 

0.0184 

*  Measured  in- plane  error  less  than  1  mil  for 
w  2  10°. 


When  a  small  radome  or  the  nose  area  of  a 
large  radome  are  to  be  studied,  more  refined 
methods  of  prediction  are  required  than  the 
optical  methods  described  above.  The  variation 
in  incidence  angles  for  rays  emerging  from 
different  parts  of  the  antenna  becomes  appre¬ 
ciable;  so  does  the  change  in  phase  and  ampli¬ 
tude  suffered  by  different  rays  as  they  traverse 
the  radome.  In  view  of  these  facts  reasonably 
accurate  information  cannot  be  obtained  on 
purely  geometrical  optics  bases.  A  slightly 
refined  ray-tracing  technique  appears  to  be  a 
iairly  good  approach. 29 

A  well  collimated  perfectly  plane  wave  is  as¬ 
sumed  to  emerge  from  the  antenna  with  an  am¬ 
plitude  variation  that  follows  the  theoretical 
taper  of  the  antenna.  Rays  perpendicular  to  the 
antenna  aperture  are  then  traced  to  the  radome 
surface,  and  the  incidence  and  polarization 
angles  are  noted.  Because  of  the  polarization 
dependence  of  the  transmission  coefficients, 
the  rays  must  be  divided  into  parallel  and  per¬ 
pendicular  components.  Flat  panel  data  and 
local  transmission  coefficients  are  used  next 
in  the  calculations  of  the  phase  and  ampli¬ 
tude  changes  as  the  rays  traverse  the  wall. 
After  a  number  of  rays  originating  across  the 
face  of  the  aperture  are  traced  through  the  ra¬ 
dome  wall  and  the  changes  in  amplitude  and 
phase  are  noted,  the  radome  is  removed  and 
theantenna  aperture  distribution  is  reconstruct¬ 
ed  to  reflect  the  effects  of  the  radome.  The 
reconstructed  or  modified  aperture  distribution 
is  integrated  in  the  usual  manner  to  yield  the 
far-fleid  patterns.  This  method  is  discussed  in 
detail  in  Chapter  13. 

The  change  in  beam  parameters  in  a  para¬ 
bolic  beam  approximation  (that  is,  angular 
beamshift,  fractional  change  in  beam  ampli¬ 
tude,  and  fractional  change  In  half-power  beam- 
widths)  can  be  calculated  by  means  of  a  com¬ 
parison  of  the  theoretical  anienna  patterns  with 
the  patterns  obtained  from  the  ,;iructed 

distribution.  For  conical-scar  .-as  the 

calculations  must  be  carried  out  for  the  two 
extreme  spin-scan  positions  lor  each  look 
angle.  The  in-piane  error  or  the  change  in 
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crossover  point  is  obtained  by  use  of  the  for¬ 
mula  derived  by  the  Princeton  Group.  The 
formula  was  improved  by  Barker  and  Lengyel3* 
by  matching  the  beam  shape  at  the  crossover 

nnint  In  rarinnari  for??!  th"  15 

6r\  6(\ 

)-T  ^2 (4_7S) 

1  (Sj  +  «2) 

• 

where  2 =  half-power  beamwidth 

P  =  fractional  Increase  in  width  of 
beam  at  half  power 

i  =  shift  of  the  maximum  in  radians 
(or  degrees) 

a  =  fractional  change  in  power  at  a 
lobe  maximum;  subscripts  1  and  2 
refer  to  opposite  positions  of  the 
conical  scan 


4-44.  External-Equivalent-Aperture  Method 

In  the  antenna-modification  method  the  direc¬ 
tion  of  energy  travel  through  the  radome  was 
arbitrarily  assumed.  Furthermore  no  account 
was  taken  of  reflections  inside  the  radome  — 
the  modified  aperture  distribution  was  obtained 
from  a  single  transmission  coefficient,  for  each 
ray.  Further  refinements  in  ray-tracing  tech¬ 
niques  have  been  used  which  consider  these  and 
other  problems  of  the  near-field  distribution 
A  procedure  representative  of  those  employed 
by  several  Investigators32**™  is  as  follows: 


A  phase  and  amplitude  front  is  determined 
experimentally  on  a  plane  across  the  antenna 
aperture.  This  plane  is  subdivided  into  a  con¬ 
venient  number  of  squares  or  other  shapes. 

\JJ  i  ♦  Vn  on  nh  nnU  ia  n  i'  nno  In  tnrf  n  woIm  n  n  f  pKn  a  o 

and  amplitude.  Rays  are  then  traced  whose 
initial  amplitude  and  phase  are  those  of  the 
units  from  which  they  originate  and  whose 
direction  is  determined  by  the  beat  normal  to 
the  phase  at  the  rays'  points  or  origin.  At  the 
radome  wall,  for  each  polarization,  the  rays 
are  split  up  into  transmitted  and  reflected  rays, 
and  each  one  of  these  is  traced  to  an  imaginary 
external  plane  (Figure  4-54).  It  will  usually  be 
necessary  to  consider  higher  order  reflections, 
as  well  as  the  reflections  from  each  surface  of 
discontinuity.  In  the  transfer  of  the  rays 
through  the  wails,  flat-panel,  transmission 
coefficients  are  used.  The  total  fields  obtained 
by  addition  of  all  rays  at  the  imaginary  external 
plane  are  then  used  as  on  an  equivalent  aper¬ 
ture  distribution.  The  far-fleld  patterns  are 
finally  computed  from  thiB  equivalent  distribu¬ 
tion  in  the  conventional  manner. 

4-45.  Error  Prediction  Based  Directly  on 
Maxwell’s  Equations:  Radome  Scattering 

Technique 

Basically,  the  scattering  technique3*  regards 
the  radome  as  a  source  of  perturbation  or  of 
scattered  fields.  The  electromagnetic  fields 
due  to  this  source  are  measured  (for  each  off¬ 
set  or  scan  angle)  and  combined  by  means  of 
iteration  with  the  corresponding  fields  due  to 
the  antenna  without  the  presence  of  the  radome. 
The  boreslght  shift  1b  determined  by  a  com¬ 
parison  of  the  two  field  configurations.  The 
electromagnetic  formulation  is  of  necessity 

imaginary  plans 
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fully  three  dimensional;  none  ol  the  usual  optic 
or  plane-wave  approximations  is  made,  and 
flat-panel  transmission  and  reflection  coeffi¬ 
cients  are  not  employed  The  »2*r.e  formula¬ 
tion  is  used  in  analyzing  the  scattering  from 
dielectric  rings  in  Scattering  by  a  Thin  Dielec¬ 
tric  Hing  under  paragraph  4-56. 

Derivation  of  the  Basic  Integral  Equation, 
Maxwell’s  equations  for  electromagnetic  fields 
in  a  dielectric  of  volume  V  and  with  a  time 
variation  of  the  form  e"l'**  are: 


D  - 1  i£  B  =  hH 

V  X  E  -  Jr^H  =  0  V  a  H  +  jott  E  -  0  (4-76) 

v  •  E  =  0  V  •  H  =  0 

where  all  symbols  have  their  usual  meanings. 

Similar  equations  hold  In  free  space,  if  «  and 
h  are  replaced  by  <q  and  uq,  respectively. 

Ttie  electromagnetic  fields  in  the  problem  are 
the  same  as  those  that  would  be  generated  If ' a 
distribution  of  virtual  currents  were  present 
Instead  of  a  dielectric,  To  rephrase  the  prob¬ 
lem  In  these  terme  the  following  notation  is 
assumed: 

S  *  surface  bounding  the  volume  V 
J  =  virtual  current  distribution  Inside  V 

Here 

(4-77) 

The  vector  potential  can  then  be  written: 

4(10) -0  /  tNI^V  |4-,8> 

where  P  and  Q  represent  field  and  source 
points,  respectively,  and 

^0  ~  0  1  0  (4-79) 

The  subscript  p  refers  to  the  perturbation  (or 
scattered)  fields;  these  can  be  calculated  from 
the  perturbation  potentials. 

When  (i  -  j<q,  one  finds  the  electric  field  from 

JV  >  V  .An 

- ,  resulting  in 

Q  HQ 


Co  f  e^0R 

VP)  =  (<r- 11  [V  J 

(4-50) 

J  n.fcKQJV-^-dsj 

with  -  «/f0 

E(Q)  =  total  electric  Held 

n  -  outward  normal  to  S 

Equation  (4-80)  is  an  integral  equation  relat¬ 
ing  the  perturbation  fields  to  the  antenna  fields 
and  the  physical  properties  of  the  radome. 
Since  E(Q)  -  Ep(Q)  +  Eq(Q),  the  equation  must 
be  used  for  two  separate  calculations: 

a.  Determination  of  E(Q),  that  is,  the  effect 
of  the  presence  of  the  radome  on  the  field  in  the 
volume  occupied  by  the  radome  itself. 

b.  Calculation  of  Ep(P),  that  is,  the  far-field 
efiects  of  the  perturbation  sources. 

For  the  second  set  of  calculations,  the  fol¬ 
lowing  approximation  is  usually  made:  Some 
convenient  origin  0  in  or  near  V  1b  assumed 
with  r  =  m  r  as  the  vector  from  0  to  P  (m  being 
a  unff  ve”ctor).  If  g  denotes  the  vectorlrom  0 
to  the  point  of  Integration  Q,  then 

R.r-ai‘£  +  o(i.)  (4-81) 

If  only  the  first  two  terms  are  retained, 
Equation  (4-80)  reduces  to 

Ep(P)  s  -  ({ r2  - f  o2)  T7,ir"nix  [(m*  /fiUQ)) 

(e'^Offi  ’  fi)  dV]  E(Q)  =  Eg(Q)  +  Eq(Q)  (4-82) 

Techniques  of  Solving  the  Integral  Equation. 
It  is  clear  that  solutions  to  Equation  (4-80)  or 
to  Equation  (4-82)  cannot  be  obtained  in  closed 
form.  The  starting  data  are  the  measured 
fields  (Eg)  in  numerical  form.  While  it  would 
be  possible  to  fit  these  data  in  some  polynomial 
approximation,  the  complicated  geometry  of 
most  radomes  prevents  exact  solutions.  Nu¬ 
merical  methods  are  therefore  resorted  to, 
and  three  methods  have  been  considered; 

a.  The  Grid  Method,  Suppose  Fp(P)  denotes 
an  approximation  to  EP(P);  then  F(P)  =  EotP) 
+£p(P)  is  an  approximation  to  E(P).  It  ip  pos¬ 
sible  to  define  an  error  term 
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*  =  J  B«)  •  fi’  «)  dV  (4-83) 

where  the  R’s  are  defined  In  such  a  manner  that 
thev  vanish  when  F(P)  =  E(P).  The  radome 
volume  is  now  covered  by'a  grid  of  N  points 
sufficiently  close  together;  the  approximation 
Fp(P)  is  assumed  as  due  to  contribution  from 
the  N  points' 

?P<P>  =  £»mVP)  (4-84) 

n=l 

The  error  term  then  becomes 
N  N 

5  =  2  £  Rmn  am  (4-85) 

tn-ln  =  l 

which  is  minim  lied  by  equating  the  3*/»am 
and  38/9  a£  to  aero  (or  n  =  1  .  .  .  N.  13118 
procedure  gives  N  linear  equations  in  the  N 
complex  a'ns;  these  equations  are  solved,  the 
results  are  substituted  into  Equation  (4-84), 
and  Fp(P)  is  obtained. 

b.  Stationary  '.‘hase  Approximation.'  The 
Becond  method  considered  depends  on  the  fact 
that  the  integrals  In  the  integral  equation  have 
Integrands  Involving  the  product  of  (eJ^0")/4»H 
and  the  Internal  electric  field.  If  the  internal 
electric  field  behaves  locally  like  a  plane  wave, 
It  contains  a  factor  e^,  where  x  la  the  coor¬ 
dinate  In  the  direction  of  the  wave.  The  two 
exponential  factors  are  responsible  for  the 
change  In  phase  as  the  point  of  integration 
moves  about  In  the  dielectric  shell. 

Consider  a  straight  line  drawn  outward  from 
the  point  of  observation  R  =  0.  Suppose  for 
simplicity  that  x  -  0  when  R  =  0.  On  this  line 
the  ratio  R/x  remains  constant,  and  the  expon¬ 
ential  argument  ]/3qR  +  j/3x  Increases  linearly 
as  R  increases.  However,  on  some  lines,  the 
factor  of  proportionality  Is  xero,  so  that  the 
phase  remains  constant.  The  lines  are  all 
those  lying  on  a  cone  (which  might  be  called 
the  "cone  of  stationary  phase")  with  an  axis 
that  is  parallel  to  the  direction  of  propagation 
of  the  interior  electric  field  and  to  which  ele¬ 
ments  are  inclined  at  an  angle  equal  to  the  com¬ 
plement  of  the  critical  angle  for  the  dielectric. 
On  one  side  of  this  cone  the  phase  Increases  as 
R  Increases,  and  on  the  other  side  the  phase 
decreases  as  H  increases.  The  contributions 
to  the  integral  from  the  region  near  the  cone 
add  together  and  reinforce  each  other.  The 
contributions  from  the  region  well  away  from 
the  cone  have  a  tendency  toward  mutual  cancel¬ 
lation. 


The  dielectric  sheet  Is  approximated  locally 
by  a  flat  sheet,  which  fits  as  closely  as  pos¬ 
sible  to  the  curve  of  intersection  of  the  cone  of 
stationary  phase  and  the  surface  of  the  dielec¬ 
tric  sheet.  The  Integrals  In  the  integral  equa¬ 
tion  for  that  flat  sheet  are  evaluated  on  the 
basis  of  the  assumption  that  the  electric  field 
Is  essentially  plane  in  the  region  of  Importance 
in  the  Integral,  since  the  cone  of  stationary 
phase  occupies  only  a  limited  region  near  the 
point  of  observations.  This  process  gives  rise 
to  what  may  be  considered  a  flat-plate  theory. 
However,  It  Is  not  the  usual  sort  of  flat-plate 
theory.  In  the  usual  theory,  the  dielectric  shell 
is  approximated  by  a  flat  plate  whoBe  two  sides 
are  tangent  to  the  shell  in  the  local  region  of 
interest.  The  plate  is  held  fixed  in  the  deter¬ 
mination  of  the  field  at  all  pointB  of  the  local 
region.  In  the  present  theory,  the  orientation 
and  thickness  of  the  fitting  flat  plate  change 
from  point  to  point  and  depend  on  other  proper¬ 
ties  of  the  shell  than  its  thickness  alone.  These 
differences  may  be  expected  to  give  a  more 
accurate  theory  than  the  usual  flat -plate  theory. 

c.  Lumped  FieldB  Method.  Another  approach 
is  to  divide  the  radome  into  a  number  of  circu¬ 
lar  disks  on  the  order  of  a  wavelength  in  dia¬ 
meter.  The  point  is  to  "lump"  the  local  behav¬ 
ior  of  the  electric  field  In  each  dlBk  In  a  way 
that  can  be  handled  and  to  ubo  the  basic  Integral 
equation  to  tie  together  the  fields  In  the  differ¬ 
ent  disks.  The  electric  field  throughout  each 
disk  must  first  be  expressed  In  terms  of  the 
field  at  the  center.  For  these  expressions  It  Is 
assumed  that  the  internal  field  In  the  disk  is 
approximated  by  two  plane  waves  whoBe  direc¬ 
tions  of  propagation  may  be  set  at  will  but  may, 
In  particular,  be  given  the  directions  that  the 
internal  waves  In  a  flat  sheet  would  take  when 
acted  upon  by  the  local  electromagnetic  field 
considered  as  a  plane  wave.  If  the  direction  of 
propagation  is  so  set,  a  good  deal  of  plane 
sheet  theory  can  be  applied  to  simplify  calcula¬ 
tions  of  the  local  fields. 

Calculations  of  the  total  field  at  the  center  of 
each  disk  by  integrations  over  each  disk  and 
summation  over  all  the  disks  are  then  possible. 
The  problem  reduces  to  a  set  of  linear  equa¬ 
tions  in  the  unknown  fields  at  the  centers  of  the 
disks.  A  least  squares  and  successive  approxi¬ 
mation  theory  can  be  used  rather  than  direct 
solutions  of  these  equations. 

All  three  methods  are  considerably  complex. 
The  grid  method,  to  provide  sufficient  accuracy, 
requires  an  excessively  large  number  of  points 
taken.  The  stationary  phase  method  is  hamp¬ 
ered  by  the  difficulty  of  fitting  the  sheets  to  the 
cones  of  stationary  phase.  The  lumped-field 
technique  looks  the  most  promising  of  the  three. 


196 


4-46.  Spherical  Mode  Transformation  Techni¬ 
que 


THa  gwllgil  gphylcsl  tnnrftt  f rnniifnHiiflHnn 

technique  proposes  the  use  of  spherical  mode 
series  for  the  calculation  of  the  antenna  near 
field  from  free  space  near-field  data  measured 
over  a  spherical  surface.  Mathematics  that 
derive  the  analytical  expressions  used  in  the 
technique  are  based  on  the  work  of  Ball  In  and 
Silvery56  but  the  application  Is  unique.  The 
calculated  near  field  Is  used  In  a  subsequent 
calculation  of  the  power  pattern  of  the  far  field, 
and  the  radome  error  is  derived  from  the  far- 
field  pattern  expressions.  An  important  feature 
of  the  spherical  mode  method  is  that  it  handles 
offset  and  scan  variations  in  a  relatively  simple 
manner.  The  same  set  of  measured  data  can 
be  used  for  each  offset  or  scan  angle,  at  least 
for  a  symmetrical  antemul  field.  Another  fea¬ 
ture  Is  that  variations  In  offset  can  then  be 
directly  carried  to  the  far  field  through  the 
formulas.  A  brief  outline  of  the  technique 
follows. 

It  is  well  known  that  the  coefficients  of  spher¬ 
ical  mode  series  for  the  free  space  spherical 
components  of  E  and  H  can  be  obtained  if  the 
values  of  tangential  E  are  known  on  the  surface 
of  a  sphere.  The  series  and  coefficients  in  the 
most  general  case  have  the  forms  indicated  In 
the  following  Equations  (4-86)  to  (4-95).  When 
rotational  symmetry  of  the  antenna  field  with 
respect  to  some  axis  obtains,  considerable 
simplification  can  be  made. 


^=EE-h"<2)(flr)^^nffi(coa  ^ 


n  m 


Anm  cos 


m  d 

m 0  tVV - 

B _ sin  «  „  i««;tr  dr 


kk  Hi 


(4-88) 


[r  h„(2)  (Sr)] 


Pnm  (cos  <h  -  Cnm  sin 
sin  6  Dnm  cos 


m  4> 


»r  -  £E  J-  — —  hn(2)  (fir )  Pnm  (cos*) 
n  m  i"/i  1 


Anna 


(4-89) 


SD0 


Bnm  8ln 


d 

d  o 


n  m 

r  m  n  Anm  c“3 

Pn1^  (cos  * )  1  m <6  +  (4-90) 

L  Bmn  sin 

rVm  h<2>  (fir )  pnm  (c°8  °1  Jnm  =°3 
»  sin  6  -Cnm  sin 


n  m 


(4-86) 


n  m 


Cnm  cos 
Dnm  a,n 


m  4 


Pnm  (cos  ^ 


-Anm  8ln 
Bnm  cos 


m<£  + 


EE 

n  m 


sin  * 

1  d 
Jtt«r  dr 


(4-87) 


[r  h„<2>  (Sr)]  £  [Pnm  (cos  *)]  mi 

unm  ain 


(c”s| 


sin  9 


n  m 
-Anm  sin 
Bnm  cos 


■♦♦LEV*  ^ 


n  m 
>  Cnm  cos 


rpjm)  (cos  0)1  m <p  (4-91) 

r\  u!h 


Pnm  Bln 


'nm 


(2n  +  1)  (n  -  m)l _ 1 _ 

2n(n  +  1)  (n  +  m)!  »h„<2)  (6  a) 


f  £  Eo  pnm  sin  «*  +  *<P 

cos  m<p]  sinfl  dfi  d<*> 


(£  p”m) 


(4-92) 


197 


®nm 


7>  2TT 

(2n  +  1)  (n  -  m) !  1 

2n(n  +  1)  (n  +  m)!  "hn^  (3a) 

n  n 


I  r — “  Ef,  P_ m  cos  Ej, 

L  sin  &  n  v 

Pnm^  sin  ra$  J  sin  6  d6  d*> 


(4-03) 


(2n  + 1)  (n  -  m)  I _ )<jc  a _ 

77  2  rr 

iJ  [fief — Pn™)  cos  mtp - -  (4-04) 

0  0  L  \da  n  /  9  sin  6 

E^,  Pnm  sin  mtfl  sin  6  de  df> 


Although  the  measurements  are  taken  with  a 
fixed  antenna  offset,  the  variation  in  tangential 
E  resulting  from  changes  of  the  offset  angle  can 
be  accounted  for  hv  a  rotation  ot  the  rtotn  vslue.” 
through  the  given  Increment  of  angles.  Near- 
field  values  at  a  point  are  therefore  obtainable 
through  a  resummtng  of  the  mode  series  with 
only  an  appropriate  change  in  the  angular  co¬ 
ordinates,  the  coefficients  remaining  the  same. 
The  mode  serltrs  evaluations  of  the  free  space 
field  comp  nentsare  used  to  obtain  tKelr  values 
at  points  that  lie  on  the  inner  surface  of  a  given 
radome. 

A  formula  of  J.  H.  Richmond®1*  is  employed 
for  calculations  of  the  power  function  at  a  given 
far-zone  observation  point.  The  calculation  in¬ 
volves  the  combination  by  means  of  Equation 
(4-96)  of  the  previously  found  free  space  an¬ 
tenna  field  components  at  points  lying  on  the 
inner  radome  surface  with  the  field  compon¬ 
ents  arising  at  these  points  due  to  a  plane  wave 
impinging  on  the  exterior  of  the  radome  from 
the  point  of  observation  and  with  the  antenna 
absent. 
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In  these  formulae  r,8,4>  «  spherical  coordin¬ 
ates-  about  the  center 
of  the  data  sphere. 

a  a  radius  of  the  sphere 

Pnm(cos  0)  *  associated  Legendre 
polynomial 

hn(2)(/?r)  *  (outgoing)  spherical 
Hankel  function 

These  series  converge  at  all  points  exterior  to 
the  sphere. 

It  Is  proposed  to  obtain  these  series  from 
measurements  of  tangential  K,  In  amplitude 
and  phase,  at  a  number  of  points  on  the  surface 
of  a  mathematical  sphore  surrounding  the 
radiating  system  and  contained  Inside  the  given 
radome.  Tho  sphere  Is  centered  at  the  Inter¬ 
section  of  the  glmbal  axis  with  the  antenna 
offset  plane. 


V(6,  *)  -  Ci  J  (D  x  Hb  •  Ea  -  n *  £b  •  Ha)  ds 
8  (4-98) 

where  V  »  the  voltage  induced  by  the  antenna- 
radome  system  at  the  terminal  of  an 
antenna  at  the  far-zone  observation 
point 

Ci  ■  an  Inconsequential  constant  of  pro¬ 
portionality 

S  »  Inner  radome  surface 

E*,  Hi  »  free  space  field  vectors  of  the  an¬ 
tenna 

Eg,  Hg  -  field  vectors  arising  on  S  due  to 
plane  wave  Impinging  on  the  outer 
radome  surface  from  the  direction 
of  the  observation  point,  as  calcu¬ 
lated  with  the  antenna  absent 


From  the  far-fleld  pattern  expressions  thus 
obtained,  the  radome  error  is  derivable.  The 
transmission  of  the  field  of  the  plane  wave  to 
the  interior  surface  of  the  radome  Is  a  difficult 
problem.  It  is  possible,  however,  that  this 
calculation  can  be  carried  out  with  sufficient 
accuracy  by  the  use  of  plane-wave,  plane-sheet 
transmission  coefficients  in  the  standard 
manner. 
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In  the  spherical  mode  technique,  the  following 
assumptions  and  approximations  are  made: 

a.  The  measurement  of  the  free  space  tan¬ 
gential  E  components  can  be  made  without 
large  perturbations  oi  the  antenna  near  Held, 

b.  The  field  on  the  Inner  radome  surface  with 
the  radome  present  is  essentially  the  same  as 
the  free  space  Held. 

c.  The  field  on  the  inner  radome  surface  due 
to  the  Impinging  plane  can  be  calculated  with 
sufficient  accuracy  by  some  practical  method, 
for  example,  by  piano-wave,  plane-sheet  trans¬ 
mission  coefficients. 

4-47.  Radome  Doreslght  Errors  In  Monopulse 
Systems 

A  formula  has  been  derived  at  the  Glenn  L. 
Martin  Company38  by  which  the  boresight 
errors  of  monopulse  systems  can  be  deter¬ 
mined  and  applied  In  the  design  of  radomes. 
For  any  given  monopulae  system  the  theoretical 
boresight  error  curves  of  a  radome  can  be 
calculated.  The  boresight  error  formula  Is 
derived  first  fur  a  phase-comparison  mono¬ 
pulse  system  (two-dimensional  configuration), 
and  the  experimental  data  required  for  utiliza¬ 
tion  of  this  formula  In  calculation  of  boresight 
error  are  outlined.  The  procedure  is  extended 
to  Include  calculation  of  errors  occurring  In 
amplitude- comparison  monopulse  systems. 
Differences  In  derivation  of  the  boresight  error 
formula  for  the  amplitude-comparison  systems 
are  noted.  Two  types  of  amplitude-comparison 
systems  are  discussed:  those  with  (manning 
apertures  and  those  with  nutating  feeds.  The 


work  was  performed  specifically  for  the  simul¬ 
taneous  lobe-comparison  systems,  but  very 
strong  similarities  were  found  to  exist  between 
the  error  criteria  of  amplitude-comparison 
monopuise  systems  and  those  of  conical-scan 
systems. 

4-48,  Derivation  of  Boresight  Error  Formula 
for  Phase- Comparison  Monopulae 

The  phase- comparison  monopulse  system  is 
considered  to  have  two  apertures,  A  and  B 
(Figure  4-55),  Each  aperture  can  be  considered 
as  having  Its  own  pattern,  but  both  patterns  are 
identical  and  point  In  the  same  direction  — 
normal  to  a  line  connecting  the  phase  centers 
of  the  apertures.  A  difference  In  amplitude 
between  the  feeds  of  each  aperture  does  not 
change  the  direction  of  the  maximums  or  mlni- 
mums  of  either  the  sum  or  the  difference  pat¬ 
tern.  If  an  amplitude  difference  does  exist,  the 
difference  pattern  will  not  have  an  absolute 
null,  and  poorer  system  sensitivity  will  result. 

It  Is  necessary  to  know  what  effect  a  phase 
difference  between  the  phase  centers  of  the  two 
apertures  willproduce  on  the  direction  of  either 
the  sum  pattern  or  the  null  of  the  difference 
pattern,  The  illumination  of  the  left  aperture 
is  designated  A  and  that  of  the  right  aperture, 
B  (Figure  4-56).  Both  Illuminations  have  simi¬ 
lar  far -field  patterns,  which  are  normalized 
and  designated  F0.  At  an  angle  of  arrival  at 
ttie  apertures,  e,  (measured  from  the  antenna 
axis),  the  received  voltage  will  be  advanced  by 
j/2  at  B  and  retarded  by  C/2  at  A,  where  C  Is 


Flfvi*  4-5).  T  Vl»w  •(  PiaM-Canpcr/Mn  Mm  full*  Sytttm 

199 


the  total  phase  difference  between  the  aper- 
tures.  The  far  field  In  the  direction  0  la  given 
by 

V.  „  F  »in  r*1  i.  1  *  F.  OSD  T+  t  —  1  (4-971 

U  L  2  J  “  L  2  J 


where  Fq  =  the  normalised  tar- field  composite 
pattern  caused  by  all  the  feed 
apertures 


The  normalized  far- field  is  given  by 

t 

E  =  F  cos  — 

2 


(4-98) 


where  F  =  the  normalised  far-fielcl  pattern 
caused  by  each  aperture 


t 


sin  a  +  s  =  total  phase 
difference 
between  one 
aperture 


(4-99) 


where  8  -  the  phase  difference  between  the  two 
apertures  Introduced  by  the  circuits 


1‘latm  4-M,  H/vImUm  at  Emh  Apartim  la  Twa-OliMailanal 
Pnaia  Caawarlaaa  SyiMaiO,  Dlttaa ca  Safwaa*  Sa  JUartwa 
Phan  Cawan;  $  Am  fa  at  Arrival  at  tlx  Apartwran;  Ta. 
laf  PlMaa  Dlffeiaaca  Sarwaaa  lla  Agarfaraa 

^2  nln  e  +  90°  -  3.  .  90° 
x  2 


sin  0 


90°  -  90°  +  n/2  =  r?X 
(«D)A  2tiD 


If  there  Is  no  phase  difference  In  the  circuits 
(8  «  0),  then  t  »  0  on  the  crossover  axis  ( 0  •  0) 
and,  as  can  be  seen  from  Equation  (4-98),  the 
maximum  Intensity  would  be  the  eum  pattern. 
If  !  -180°,  which  would  mean  that  the  two  channels 
are  out  of  phase  by  n,  then  the  Intensity  In  the 
0  -  0  or  crossover  direction  la  given  by 


t  0°  +  180° 

E  ■  F  cos—  »  F  cos - -  0  (4-100) 

2  2 


This  expression  gives  the  null  or  crossover 
axis  where  0  is  sera  and  where  the  two  chan¬ 
nels  are  out  at  phase  by  180°.  If  a  radome  Is 
added  to  the  antenna  system,  it  may  Introduce  a 
alight  phase  difference  v  Into  both  channels. 
When  both  channel  voltages  are  subtracted,  the 
condition  is  obtained  In  which  8  -  *  -  v>  Then, 
from  Equation  (4-98) 


E  =  F  cos  (?  stafi  +90  -0  (4-101) 

If  Equation  (4-101)  is  solved  for  any  angle  of 
arrival  at  the  apertures  (0)  with  the  conditions 
that  F  ^  0  and  the  v Is  small,  then  for  E  to 
equal  sero, 


«  i  -1  A  (4-102) 

0  ■  sin  — ~  -  Ao 

2rrD 


Equation  (4-102)  defines  the  in-plane  error 
Introduced  fcy  the  radome,  since  the  arrival 
angle  0  is  equivalent  to  the  rotation  angle  that 
the  antenna  would  Inscribe  In  lining  up  the 
virtual  target  direction  with  the  antenna  null 
direction. 

The  analysis  of  the  bo  resight  error  criteria 
permits  three  conclusions: 

a.  The  pattern  rotates  clockwise  or  counter¬ 
clockwise  as  the  phase  difference  caused  by  the 
radome,  v,  is  negative  or  positive,  respectively, 
and  Increases  from  sero  to  4 v, 

b.  The  in-plane  error  direction  can  be  com¬ 
pared  with  the  null  direction  of  an  electrically 
scanned  null  lobe.  If  the  phase  difference,  n, 
were  controlled  and  electrically  changed  in  the 
system,  then  the  null  could  be  caused  to  scan. 

c.  For  a  given  phase  difference,  v,  the  bi¬ 
plane  error  A  o  can  be  reduced  by  Increasing 
the  diameter  of  the  aperture.  This  relation  can 
be  seen  by  the  in-plane  error  formula  Equa¬ 
tion  (4-102)  and  conforms  with  the  empirical 
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fact  that  large  apertures  and  radomea  give 
smaller  boreslght  errors  than  small  antennas 
with  small  radomea. 

The  In-plane  error  formula,  Equation  (4-102), 
looks  very  simple,  but  It  becomes  quite  cum¬ 
bersome  when  It  Is  remembered  that  the  phase 
difference  must  be  known  not  only  for  each 
particular  antenna  pointing  angle  big  also  for  a 
number  of  angles  of  arrival  In  the  region  of 
expected  errors.  For  calculation  of  the  exact 
location  of  the  null  position,  the  pattern  of  the 
null  region  must  first  be  obtained,  since  the 
phase  error  Introduced  by  the  radome,  v,  la  a 
function  of  the  radome  configuration.  A  first 
approximation  of  the  ln-platie  error  can  be  ob¬ 
tained  by  the  determination  of  ^  in  the  original 
null  direction.  The  location  of  all  sources  can 
therefore  be  neglected  because  the  total  phase 
lag  at  the  apertures,  4,  would  be  zero  and  all 
distribution  vectors  have  simply  to  be  added. 
The  v  In  the  original  null  direction  can  he  used 
lit  the  formula  as  a  first  approximation  of  the 
ln-j  'ane  error. 

4-49.  Experimental  Data  Required  for  Calcu¬ 
lation  of  the  In-plane  Error 

1.  The  radome  Is  located  in  a  coordinate 
system  such  as  Is  Illustrated  In  Figure  4-57. 
The  equations  of  the  outer  and  Inner  radome 
surfaces  are  given  by  F'(X\  Y')  and  F*(X‘ ,  Y*), 
respectively.  The  offset  point  of  the  antenna  Is 
the  origin  of  the  coordinates  X  and  Y.  The  off¬ 
set  positions  are  simulated  by  the  rotation  of 
the  radome.  The  rotation  angle  Is  designated 
as  P,  and  the  radome  coordinates  are  obtained 
by  the  transformation  formulas: 


X'  =  X  cos  p  +  Y  sin  -P  (4- 103) 

Y'  =  Ycos/i  -  X  sin  p  (4-104) 


antenna  aperture 


Flgun  4-57.  Ctttdbni*  iytttm  Ft  C Imihtnm  of  Tin  In— Flam 
Aug  It  of  RoJarnt;  of  Art,  Sami- 

/■•frap/c  Petal  iowca  N  A  lang  tin  Antaana  Agattvia 


2.  To  make  possible  an  examination  of  each 
ray,  Including  the  near-fteld  rays,  the  geome¬ 
try  of  a  general  ray  Is  established  in  relation¬ 
ship  to  a  radome,  an  antenna  aperture,  and  an 
arbitrary  near-field  region  (Figure  4-58).  If 
ths  near  field  angle  (-s)  willi  respect  to  me 
antenna  axis  is  aero,  the  far-fluid  method  is 
applicable.  (The  far-fleld  method  investigates 
only  parallel  rays  normal  to  Ute  antenna  aper¬ 
ture  and  holds  only  for  an  approximation  of  the 
pointing  error.)  If 

®  -  |  “s|-  a0  +  "  (4-105) 


is  utilised,  the  designation  "near-field  method" 
Is  used.  Here  =  first  null  direction  of  an¬ 
tenna  fa.r-field  pattern  and 


=  coa 


2  lx  cos  <>£ 
2lx  +x  cos  as 


as 


(4-106) 


3.  The  distance  ?x  between  the  antenna  aper¬ 
ture  and  the  near-field  region  of  interest  Is 
assigned.  B  is  most  convenient  to  locate  the 
near-field  region  of  Interest  as  close  as  pos¬ 
sible  to  the  apex  of  the  radome.  The  distance 
lx  must  be  expressed  in  radians  2«JXA  for 
later  use,  and  for  convenience  (1XA)  should  be 
an  Integer. 

4.  The  complex  amplitude  Edyn  (normalized) 
of  each  of  the  point  sources  at  its  location  P^yn 
along  the  antenna  aperture  is  determined 
(Figure  4-58). 

5.  For  the  general  ray,  the  mathematical 
expression  for  a  straight  line  is  set  up: 


Y=  (X  -Xj)  (tan  as/Yj)  with  Pdyn  (0.Y,)  (4-107) 


Variation  of  Yj  gives  N  parallel  rays  for  each 
particular  near-field  angle  as, 

8.  A  high-speed  digital  computer  capable  of 
handling  a  large  amount  of  stored  Information 
is  used  to  perform  several  operations: 

a.  Trace  and  perform  the  necessary  opera¬ 
tions  on  the  N  parallel  rays  for  each  near- 
field  angle  aB. 

b.  Vary  a g  in  small  steps  between  (-uq  -«) 
and  (+o(j  +c.j). 

c.  Determine,  by  the  intersection  of  each 
parallel  ray  with  the  radome  surface,  its 

point  of  incidence  at  the  inner  radome  surface, 
its  angle  of  incidence  (iyns),  and  the  effective 
thickness  of  the  material  according  to  the  ac¬ 
tual  point  of  entrance  and  exit. 
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Figaro  4-58.  Ctancfry  at  Oonotol  Ray  Utad  In  Obtaining  Engorlmontal  Data:  C' Photo  Cantar  at  Antanna  Without  Rod amo  (Original 
Photo  Cantor};  C  '•  Photo  Cantor  at  Antanna  With  Rodomo  (Photo  Cantor  at  Hoot- Flo  Id  Raglan;  o.,- Htor-F  laid  Anglo  with  Rttgo  c* 
fi  H to  Antanna  An  It;  ,  ■  Dlitoneo  Botwoon  C '  and  Pynt’  J.,,,"  Dlitanea  Botwoon  C  and  Point  Pynto  mt  which  Oonoral  Roy 
would  I Intottocl  Attumod  Edgo  at  Hoor-Plofd  Raglan  at  Intorott  It  no  Rodomo  wan  Proton! 


d.  Find  the  Intersection  point  Pyna  of  the 
near-fieid  region  (X  =  Ix)  and  each  ray  from 
the  ladome  exit  polnte.  (By  transference  the 
point  Pyas  becomes  the  radiation  source  of  the 
near  field  and  determines  the  distance  dyns  to 
the  phase  center  C'  ol  the  near-fleld  region. 
The  source  rearrangement  results  in  the  fo¬ 
cusing  effect  of  the  normalized  patterns.) 

e.  Ascertain  the  amplitude  transmission 
coefficient  TynB  and  the  phase  de.  •  Ayns  for 
each  ray,  an a  calculate  the  gain  factor,  K,  for 
each  ray  which  results  from  the  focusing  effect 
by 


Eeffec*  dyns 

E  ,  d 
aperture  ynso 


(4-108) 


(4-109) 

1 
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g.  Determine  the  location  of  the  phase  centers 
on  the  near-field  region.  If  Interest  is  In  the 
phase  difference  Introduced  by  the  radome,  v, 
between  the  channel  voltages  of  a  phase-com¬ 
parison  system,  use  of  the  ln-plane  error 
criteria  depends  on  the  separate  treatment  of 
each  aperture  and  on  the  use  of  the  phase  centers 
C  and  C'.  The  direction  at  which  the  phase 
angles  of  the  two  phase  centers  are  equal  Is  the 
true  in-plane  error  direction.  If,  on  the  other 
hand,  Interest  Is  In  the  difference  voltage  be¬ 
tween  the  two  channels,  then  use  of  only  the 
phase  center  C'  Is  sufficient. 


f.  Determine  the  relative  field  Eyna  at  Pyn« 
of  each  radiation  source  along  the  near-fleld 
region: 


h.  Determine  the  relative  field  of  the  trans¬ 
ferred  semipoint  source  (Pyng)  In  the  far-fleld 
direction  Swlth  reference  to  the  phase  center 


C,  Ci,  or  C 2,  according  to  the  previous  step, 
by  means  of  the  expression 


■ 


Jyn. 


:»d 


'yns 


sin  o 


(4-110) 


i.  Determine  the  total  relative  field  E tq  in 
the  direction  6  by  a  summation  of  all  the  field 
vectors: 


i  i 

j.  Compute  ETe  for  each  applicable  far-fleld 
angle. 

7.  The  outlined  procedure  is  repeated  until 
the  in-plane  error  is  computed  for  each  desired 
offset  angle  and  the  theoretical  in-plane  error 
curvo  (error  versus  the  offset  angle)  Is  plotted, 

4-50.  Determination  of  In-Plane  Error  for 
Amplitude-Comparison  Monopulae 

The  ln-plane  error  calculation  for  an  ampli¬ 
tude-comparison  monopulse  system  with  a 
scnnning  aperture  is  very  similar  to  the  pro¬ 
cedure  <  nit  1  In  editor  phase-comparison  mono- 
pulse.  1  common  aperture  (reflector  or  other 
focusing  element)  faces  in  the  apparent  target 


direction.  Only  the  resultant  amplitudes  in  the 
o  region  of  expected  in-plane  error  have  *o  be 
computed.  The  chief  differences  from  the  pro¬ 
cedure  foi  the  phase-comparison  system  ate: 

a.  The  amplitude  and  phase  distribution  across 
the  entire  aperture  must  be  determined  for 
each  feed. 

b.  There  is  one  phase  center  common  to  the 
nhase  fronts  of  the  two  feeds. 

c.  All  vectors  along  the  near-field  aperture 
produced  by  one  beam  must  be  summed  for 
determination  of  one  resultant  amplitude. 

d.  For  various  0‘a  In  the  region  of  the  in¬ 
plane  error  about  0-0,  the  amplitudes  must  be 
plotted  vi  sus  0 ,  The  same  procedure  must 
then  be  repeated  for  the  second  beam.  The  po¬ 
sition  of  the  crossover  point  would  determine 
the  ln-plane  error. 

The  ln-plane  error  computation  procedure  for 
amplitude-comparison  monopulse  systems  with 
nutating  feeds  differs  from  that  for  phase- 
comparison  systems  also  in  a  few  basic  points: 

a.  There  are  two  apertures  that  are  equiva¬ 
lent  to  two  antenna  positions.  Two  near-field 
distributions  A'  and  D'  must  be  found.  These 
near-field  distributions  will  include  the  com¬ 
mon  ray  bundle  for  both  phase  fronts  Lj  and 
1*2  (see  Figure  4-59).  From  these  distributions 
the  two  resultant  fields  in  the  directions  a  and 
-  a  must  be  computed. 

b.  Either  of  the  procedures  for  beam  A'  or 
for  beam  B'  is  analogous  to  the  procedure  out¬ 
lined  for  the  phase-comparison  monopulse 
system. 

C.  The  region  of  far-field  angles  or  angles  of 
arrival  for  which  the  patterns  must  be  calcu¬ 
lated  are  (ai.^  whore  a  is  half  the  conical- 
scan  angle  and  Act  is  the  expected  pointing  er¬ 
ror.  By  means  of  the  expression 

NS 

Ere- EE(Ey»s),(A4  and  (B4a(4'112) 

two  voltage  vectors 

(A  Is  )a  and  (B^ST  ).a 


PI  got*  4-59.  Cwh  £•>  Bum/ I*  hr  Both  Ph*n  Frith  of  Am- 
yilttuHo-Comfrrlui  Mono/w/nt  w/Hi  Hunting  pt*J:  a,  Squint 
An  git  of  Hi  •  An  Mono;  A ' ,  thrr-FlolH  Dlttrlbutlm nj  0  * ,  Poor- 
FltlH  Dlttrlbullm;  tj,  Umltt  of  Ctmmmi  Rny  BunJIr; 
i),  Umltt  of  Commit  Roy  BunHI* 


are  obtained.  The  system  sees  only  the  ampli¬ 
tudes,  and  the  null  direction  Is  given  where  the 
fields  at  apertures  A  and  B  are  equal.  Both 
fields  must  be  plotted  for  all  angles  in  the 
neighborhood  of  the  apparent  target  direction, 
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and  the  position  at  the  crossover  locua  deter¬ 
mines  the  in-plane  error.  This  procedure  must' 
be  repeated  for  all  offset  positions  of  Interest, 
nnd  the  true  ln-plane  error  curve  Is  then  given. 

4-51.  Derivation  of  In-Plane  Error  Formula 
for  Amplitude-Comparison  Monopulse 

Hie  derivation  at  the  ln-plane  formula  for  the 
amplitude-comparison  system  Is  straight¬ 
forward  and  made  analogous  to  conical  scan. 
If  a  constant  amplitude  and  phase  distribution 
across  the  antenna  aperture  Is  assumed  (two 
feeds  for  mono  pul  Be),  the  far -field  pattern  Is 
given  by  (sin  x)/x  where 

nD 

x  «—  sin  0  (4-113) 

If  the  phase  front  Is  tilted  by  an  angle  a,  (which 
Is  half  the  conical -scan  angle),  then  the  pattern 
Is  given  by 


r»D 

sin 

—  sin  ( e  +  a) 

.  x 

~  sin  (6  +  a) 


a 

I 

i 


Fit  in*  4-40.  Shift  o4  Cut  i  ovor  Point  Covtod  By  l»-Plon* 
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P,  Bffoet  of  Podomo 

4-90).  The  amplitudes  In  the  new  crossover 
direction  are  equal  again;  therefore, 

Sin  -y  (a  +  ho) 

“ p  Ip.  +  A<r) 

uD  (4-118) 

sin  ~  (-  a.  +A«) 


ttD 

~  (-  a+Ao) 


The  Intensity  in  the  direction  a  Is  given  where 
®  =  0,  and  If  a  is  sufficiently  small,  it  can  be 
substituted  In  radians  for  sin  a.  Then 


Solving  for  Ao  gives  the  expression  for  the 
approximate  boreafght  error.  It  Is  only  an  ap¬ 
proximation  for  several  reasons: 


A 


1,2 


»D 


a.  The  amplitude  distribution  across  the  an¬ 
tenna  aperture  will  not  be  constant;  therefore, 
(4-115)  the  pattern  in  not  given  exactly  by  (sin  x)/x. 


K 

The  amplitudes  Aj  and  Ag  in  the  direction 
a  are  equal  for  two  equal  antennas,  since  a  Is 
the  crossover  direction  of  two  diverging  pat¬ 
terns.  If  A2  changes  Its  value  to  pA2»  where 
p  is  the  deleterious  effect  caused  bytheradome,. 


(4-116) 

A1 


b.  The  parameter^,  is  not  constant  but  Is  a 
function  ol  the  radome  configuration  at  the 
various  angles  of  arrival. 

c.  The  distance  »D/i  between  the  centers  of 
the  two  feeds  in  any  one  plane  is  not  generally 
the  same  as  the  distance  »D/i  between  the 
feeds  in  another  plane. 

4-52.  Practical  Design  Procedure  for  Mono¬ 
pulse  Systems 


Then  the  two  amplitudes  in  the  direction  a  are 

ttD  1»D 

sin  —  o  sin - a 

A  i  = - — —  and  A2  =  p - - -  (4-117) 


*D 


ttD 


and  the  crossover  point  will  shift  by  an  amount 
determined  by  the  boreslght  error  A?  (Figure 


In  the  present  state  of  radome  design,  there 
are  three  approaches  that  are  more  or  less 
practical  for  the  design  of  boresightlng  radomes 
for  monopulse  systems.  (1)  Empirical  design 
procedures  can  be  used  with  a  series  of  tests, 
compensations,  retests,  and  additional  compen¬ 
sations  until  the  desired  error  Is  achieved. 
(2)  A  second  method  utilizes  both  a  high-speed 
computer  and  the  procedure  outlined  earlier  for 
computing  the  radome  error;  a  series  of  error 
curves  Is  run  for  various  radome  wall  tapers 
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and  skin  inserts  until  the  desired  error  is 
achieved.  (3)  The  third  method  uses  a  graphi¬ 
cal  method  tor  determination  of  the  parameters 

nACAfiflury  for  a  KnrflainMinn  it  4C 

based  on  the  same  theoretical  background  as 
that  used  in  the  second  method  but  graphical 
techniques  replace  the  computer.  This  third 
method  has  been  used  successfully  by  Martin 
in  the  design  of  radomes  that  meet  strict  bore- 
sight  requirements, 

With  the  graphical  method  for  both  types  of 
monopulse  systems,  two  large-scale  drawings 
are  used.  On  cne  drawing  the  inside  surface  of 
the  radome  Is  given  with  respect  to  a  designated 
coordinate  system.  On  the  second  drawing, 
which  la  made  on  transparent  paper,  the  an¬ 
tenna  aperture  (for  conical-scan  systems  and 
the  analogous  amplitude-comparison  monopulse 
systems  with  scanning  apertures)  or  both  aper¬ 
tures  (for  amplitude  comparison  with  nutating 
feed)  are  drawn  with  respect  to  the  same  co¬ 
ordinate  system.  The  second  drawing  Is  placed 
over  the  radome  drawing,  and  antenna  rotation 
(glmbaling)  Is  simulated  by  the  rotation  of  the 
second  drawing  about  the  gimbal  axis  of  the  an¬ 
tenna.  A  ray  analysis  is  made  to  determine  the 
angles  of  incidence,  the  effective  thickness,  and 
the  location  of  the  noar-fleld  radiation  source. 
In  conjunction  with  the  graphical  study,  a  set  of 
transmlssional  phase-delay  curves  versus 


thickness  must  be  provided  for  determining  the 
radome  criteria  accordlngto  the  various  angles 
of  Incidence.  Since  the  radome  error  criteria 
are  the  name  for  the  phase-comparison  sys¬ 
tem,  the  amplitude-comparison  system  with 
scanning  aperture,  and  the  conical-scan  system 
with  nutating  feud,  the  graphical  design  method 
Is  the  same  for  all  three  systems. 

For  monopulse  systems  In  which  the  phase 
distribution  Is  constant,  the  parallel  rays  are 
drawn  parallel  to  the  direction  the  antenna  Is 
looking,  and  phase-delay  curves  are  used  In  de- 
termlnationof  the  wall  taper  which  gives  a  con¬ 
stant  phase  delay.  The  radome  Contours  must 
then  be  modified  so  that  a  constant  phase  delay 
Is  given  for  all  applicable  offset  positions. 
This  compensation  Is  sufficient  only  if  the  near- 
field  contributions  are  neglected.  If  these  con¬ 
tributions  must  be  Included  in  the  compensation, 
the  wall  taper  not  only  must  satisfy  the  re¬ 
quirement  tor  constant  phase  delay  but  also 
must  give  equal  transmission  coefficients  be¬ 
tween  pairs  of  mirror-symmetrical  rays. 

For  monopulse  systems  in  which  both  phase 
and  amplitude  distributions  are  not  constant, 
only  the  mirror-symmetrical  pairs  of  rays  are 
Investigated.  The  taper  Introduced  into  the  wall 
must  satisfy  the  same  conditions  as  those  im¬ 
posed  by  the  near-fleld  distributions. 


SECTION  G.  CORRECTION  OF  RADOME  ERRORS 


In  spite  of  some  improved  techniques  in  ra¬ 
dome  manufacture,  quantity  production  of  ra¬ 
domes  that  have  uniform  electrical  wall  thick¬ 
ness  is  still  very  difficult  and  very  costly. 
Small  radomes  with  electrically  uniform  walla 
are  being  produced  In  production  quantities  by 
the  use  of  matched  metal  dies  under  pressure,* 
and  it  is  hoped  that  in  the  future  large  radomes 
can  also  be  made  in  production  quantities  by 
the  same  technique. 

4-53.  General  Methods  of  Approach 

At  present  the  most  generally  accepted  pro¬ 
cedure  for  both  large  and  small  radomes  Is  to 
make  them  to  reasonable  tolerances  by  such 
techniques  as  hand  iayups  and  vacuum  bag 
molding  and  then  to  improve  on  the  tolerances 
by  some  systematic  procedure.  Several  ex¬ 
perimental  techniques  are  In  use  by  which  uni¬ 
form  electrical  wall  thickness  can  be  achieved. 


♦The  Hughes  Falcon. 


After  electrical  uniformity  is  achieved,  the  ra¬ 
dome  pointing  error  can  be  reduced  by  the  use 
of  dielectric  obstacles.  Institutions  3uch  as 
Boeing  Aircraft, 39  Convair,40  and  Hughes4l,  42 
have  all  reported  excellent  results  with  various 
techniques.  Although  these  techniques  differ 
slightly  In  approach,  In  general  the  end  goal  is 
the  correction  of  electrical  non-uniformities. 
The  technique  to  be  described  is  drawn  from 
procedures  developed  at  Hughes  Aircraft  Com¬ 
pany,41  since  the  writer  has  greater  familiarity 
with  this  method  than  with  those  of  other  Insti¬ 
tutions.  This  technique  makes  possible  the 
correction  of  electrical  non-uniformity  through 
the  systematic  location  of  the  unknown  electri¬ 
cal  discontinuities  on  a  radome  suiface  and 
subsequent  compensation  for  these  discontin¬ 
uities  by  the  addition  or  removal  of  dielectric 
at  appropriate  Intervals.  The  Inherent  radome 
arror  can  then  be  substantially  reduced  by  the 
use  of  systematically  placed  dielectric  patches. 

Aerodynamically,  radomes  for  high-speed 
aircraft  must  have  pointed  shapes.  Such  a  con¬ 
tour  lnhererdly  Introduces  large  variations  In 
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the  incidence  angles  of  electromagnetic  energy. 
One  means  of  reducing  this  Inherent  error  Is 
the  reduction  of  the  range  of  angles  through 
which  the  antenna  looks  by  the  Introduction  of 
wall  tapers  into  the  shape  of  the  radomes. 
Ideally,  If  the  pointed  shape  Is  to  be  retained, 

thp  tnnpr  flhonM  ho  introrlu/'**/'  or*  th?  inrisr 

surface  of  the  radome;  however,  small  tapers 
on  the  external  surface  will  usually  introduce 
very  little  change  in  the  aerodynamics  of  the 
aircraft.  Reduction  of  the  range  of  incidence 
angles,  or  the  range  of  angles  through  which  the 
antenna  looks,  can  also  be  effectively  accom¬ 
plished  by  the  placement  of  lenses  at  appro¬ 
priate  positions  inside  the  radome  to  refocus 
the  emergent  wavefront,  A  third  means  of  cor-  - 
rectlng  for  the  inherent  radome  error  of  a 
pointed  radome  Is  the  systematic  placement  of 
dielectric  rings  on  the  inner  surface  In  such  a 
way  that  they  Introduce  errors  that  have  the 
effect  of  cancelling  the  error,4** 

4-54.  Tapers  and  Lenses 

Tapers  can  be  introduced  Into  the  shape  of  a 
radome  by  one  of  two  methods:  by  a  variation 
In  the  actual  physical  thickness  of  the  wall 
while  the  dielectric  constant  is  fixed  or  by  a 
variation  of  the  dielectric  constant  of  the  ra¬ 
dome  material  while  the  physical  thickness  of 
the  wall  Is  held  constant.  At  present,  utilisa¬ 
tion  of  the  Becond  of  these  methods  is  difficult 
because  proper  control  of  the  dielectric  con¬ 
stant  is  a  definite  barrier.  A  report  on  the  de¬ 
termination  of  proper  tapers  can  be  found  In  the 
works  of  Alan  F.  Kay.4* 

When  the  crosstalk  error  is  of  the  same  mag¬ 
nitude  as  the  ln-plane  error,  correction  by 
tapers  alone  seems  impossible.  Tapering  does 
not  change  the  crosstalk  error  appreciably. 
However,  partial  correction  of  the  theoretical 
divergent,  lens  effect  of  a  radome  with  uniform 
wall  thickness  (measured  along  the  surface 
normal)  Is  possible  by  a  taper  that  Increases  In 
thickness  toward  the  radome  nose.  Certainly, 
fpr  radomes  of  a  half-wave  Wail  design,  con¬ 
sideration  of  tapers  as  a  correction  technique 
Is  logical,  for  the  thickness  of  a  true  half¬ 
wave  wall  varies  with  the  angle  of  incidence,  as 
Is  shown  by  the  following  equation: 

d  "T  /<r  hin2!  (4-118) 

where  d  ■  wall  thickness 

x.  =  free  space  wavelength 
«r  *  dielectric  constant  of  the  wall 

o  a  angle  of  incidence  the  beam  makee 
with  the  radome  wall 


A  bounded  plane  wave  will  not  change  direc¬ 
tion  on  passage  through  a  sheet  of  homogeneous 
dielectric.  If  a  radome  wall  Is  considered  as  a 
curved  sheet,  from  a  geometric  optics  point  of 
view  the  normals  to  the  Inner  and  outer  sur¬ 
faces  of  the  sheet  are  not  parallel  lor  a  given 
ray  when  It  enters  U“,c*  c merges  from  the  sheet. 
For  these  rays  the  sheet  will  act  as  a  prism 
and  cause  a  refraction.  If  a  change  In  the  wall 
thickness  Is  so  Introduced  (by  a  taper,  lor  ex¬ 
ample)  as  to  make  the  normals  to  the  Inner  and 
outer  surfaces  parallel,  a  ray  passing  through 
the  wall  at  this  point  would  not  be  deflected. 

In  reality,  however,  rays  are  an  approxima¬ 
tion,  and  what  must  be  considered  Is  the  be¬ 
haviour  of  all  parts  of  the  radiated  beam.  The 
best  way  to  express  the  behavior  of  the  beam  Is 
in  terms  of  the  Insertion  phase  shift  and  the 
beam  attenuation  caused  by  the  radome,  rather 
than  In  terms  of  the  emergent  directions  of 
various  rays,  For  smooth  variation  of  inser¬ 
tion  phase  shift  It  haB  been  shown  that  the  In¬ 
fluence  of  the  radome  on  the  beam  deflection, 
to  a  first  approximation,  is  obtained  by  con¬ 
sideration  of  only  the  linear  term  in  the  varia¬ 
tion  of  the  phase  shift  across  the  beam.  The 
emergent  wave  front  is  then  considered  as  a 
plane  surface  of  constant  phase,  and  the  normal 
to  these  emergent  phase  planes  will  have  been 
deflected  with  respect  to  that  of  the  incident 
wave. 

An  approximation  for  the  beam  deflection  due 
to  nonparallel  wall  boundaries  can  be  found  In 
the  Princeton  University  Radome  Study44  In 
which  the  final  result  is 

•“  ts<b 

ia-—-  (4-120) 

where  ■  total  phase  shift 
l  a  beamwldth 

In  conjunction  with  tapers  the  use  of  lenses 
for  the  correction  of  radome  boreslght  errors 
immediately  comes  to  mind,  since  the  radome 
Itself  has  some  lens  effect  on  the  beam. 

Because  of  the  complexity  due  to  the  con¬ 
tinuously  varying  look  angle,  a  complete  solu¬ 
tion  by  a  lens  is  almost  impossible.  Lenses 
have  been  constructed  to  correct  radome  errors 
at  particular  offset  angles  with  good  success 
but,  at  the  present  stage,  the  technique  should 
be  conslderedas  a  means  of  correcting  specific 
radomes  rather  than  an  overall  means  of  cor¬ 
recting  radome  error.  The  amount  of  deflec¬ 
tion  is  dependent  on  the  total  radome  insertion 
phase  shut  across  the  beamwldth.  In  this  man¬ 
ner  a  radome  can  be  considered  as  producing  a 
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smoothly  varying  linear  beam  deflection,  and, 
to  a  certain  degree  of  accuracy,  a  taper  in  the 
radome  wall  will  in  turn  introduce  a  similar 
effect.  Thus,  a  certain  amount  of  correction 
can  tin  introduced  ’i'lth  the-  use  of  tapered  waits, 
It  certainly  seems  possible  that  a  combination 
of  tapers  with  other  correction  techniques  would 
give  good  results,  and  fur  several  specific  ra- 
domes  such  a  combination  has  proved  to  be 
true.  For  example,  Figure  4-61  presents  lour 
sets  of  crosBtalkand  in-plane  error  curves  of  a 
pointed,  missile-type  radome;  the  curves  were 
measured  for  (a)  the  radome  alone,  (b)  the  ra¬ 
dome  plus  a  taper,  (c)  radome  plus  dielectric 
rings,*  and  (d)  radome  plus  both  taper  and 
rings.  The  taper  alone  cuts  the  total  magnitude 
of  the  in-plane  error  curve  about  in  half  (from 
a  range  of  +0.45  to  -0,5°  to  a  range  of  +0,25  to 
-0.35°).  A  combination  of  dielectric  rings  re¬ 
duces  both  total  magnitude  and  slope  of  the  In¬ 
plane  error.  But  taper  and  rings  together 
result  in  a  minimum  error  curve  which,  tor  the 
particular  radome  measured,  la  well  within 
specifications, 

4 ~ 5 5 .  Correction  of  Electrical  Non-Uniformity 
in  Radome  Walls 

The  Hughes  correction  technique  for  large 
radomes**  Is  broken  into  three  distinct  phases. 
In  Phase  1  error  curves  are  measured  when 
known  discontinuities  In  the  form  of  single  and 
multiple  dielectric  patches  are  added  to  the  ra¬ 
dome  surface.  From  these  curves  data  are  ob¬ 
tained  that  show  the  effect  on  the  error  curve  of 
both  location  and  magnitude  of  discontinuity. 
In  Phase  2  these  data  are  used  to  map  the  elec¬ 
trical  non-uniformities  of  a  given  radome. 
Phase  3  is  the  actual  correction  step  of  the 
technique;  the  electrical  non-uniformities  are 
reduced  by  the  removal  or  addition  of  dielec¬ 
tric  material  at  the  appropriate  locations. 
Data  are  recorded  with  the  use  of  an  automatic 
radome  error  measuring  facility.  Such  a  facil¬ 
ity  simulates  the  coordinate  system  of  an  in¬ 
terceptor,  as  la  shown  In  Figures  4-62  and  4-63, 
which  present  the  coordinate  systems  used  both 
in  an  interceptor  and  In  the  facility.  The  angle 
between  the  Uno-of-aight  to  the  target  and  the 
longitudinal  axis  of  the  Interceptor  is  called  the 
offset  angle  v.  The  angle  between  the  plane  of 
the  Interceptor’s  wings  and  the  plane  through 
the  longitudinal  axle  containing  the  line-of- 
slght  is  called  the  roll  angle  f, .  The  angle  be¬ 
tween  the  apparent  llne-of-sight  and  the  true 
llne-of -sight  Is  the  radome  error.  The  radome 


♦See  Experimental  Technique  under  paragraph 
4-56. 


error  may  be  resolved  Into  two  components,  the 
horizontal  error  (A  ■)  and  the  vertical  error 
(■>.'.  sin  The  Individual  effects  of  a  dielec¬ 
tric  obstacle  arc  called,  respectively,  the  hori¬ 
zontal  deviation  or  the  vertical  deviation.  The 
two  error  components  are  plotted  on  a  re¬ 
corder. 

Phase  1:  Effect  of  Known  Discontinuities ,  In 
the  first  step  of  the  correction  technique,  hori¬ 
zontal  and  vertical  components  are  measured 
for  a  radome  to  whose  surface  dielectric 
patches*  of  different  diameters  and  thicknesses 
are  added,  first  singly  and  then  in  multiple. 
For  each  position  and  thickness  of  the  patch  or 
patches,  a  set  of  error  curves  results.  Any 
discontinuity  placed  on  the  radome  surface 
should  appear  In  both  vertical  and  horizontal 
error  curves;  however,  if  a  dielectric  patch  is 
located  so  that  it  moves  on  a  horizontal  path 
directly  through  the  crossover  of  a  conically 
scanning  beam  (transmitter  of  the  automatic 
facility),  there  will  be  no  vertical  error  devia¬ 
tion.  To  isolate  the  errors  In  the  test  radome, 
radome-only  curves  are  subtracted  from  ra- 
dome-plus-patch  curves  for  corresponding 
runs.  The  resulting  curves  are  termed  the 
"effect"  curves. 

Three  types  of  runs  are  made  to  measure  the 
radome  errors  that  occur. 

a.  Azimuth  or  Offset  Run,  The  roll  angle  £  Is 
held  fixed  while  the  offset  angle  o  is  varied. 
To  simulate  the  actual  conditions  In  the  inter¬ 
ceptor,  the  supporting  structure  holds  the  an¬ 
tenna  fixed  in  space  while  the  radome  revolves 
about  the  gimbal  axis  of  the  antenna.  If  the  ra¬ 
dome  Is  absolutely  uniform  electrically,  there 
will  be  no  vertical  deviation  In  the  radome  er¬ 
ror,  but  there  will  be  a  horizontal  deviation. 
This  horizontal  error  will  be  symmetrical 
about  the  a  =  0  position.  Although  the  curve  Is 
not  truly  sinusoidal,  it  lias  sinusoidal  charac¬ 
teristics.  The  horizontal  error  usually  is  due 
to  the  shape  of  the  radome  and  the  resulting 
change  in  incidence  angle  as  the  offset  angle  is 
varied.  Consequently,  It  is  sometimes  referred 
to  as  shape  error.  The  shape  error  changes 
when  the  incident  polarization  is  changed,  that 
is,  when  elllptlclty  and  direction  of  polarization 
change  with  respect  to  offset  angle. 


b.  Foil  Run.  The  offset  angle  a  Is  held  fixed 
while  the  roil  angle  i  Is  varied.  In  a  roll  run, 


*  The  patches  used  at  Hughes  were  laminated 
fiberglass  circles  with  the  dielectric  constant 
the  same  as  that  of  th?  test  radome. 
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the  supporting  structure  holds  the  radome  at  a 
fixed  offset  angle  with  respect  to  the  antenna; 
simultaneously  this  structure  rolls  the  radome 
about  its  own  longitudinal  axis  and  the  antenna 
about  Its  own  axis.  (In  this  type  of  run  the 
direction  of  polarization  with  respect  to  the 


180*  tide  view 


end  view 

Figure  4- 13,  Ceordlnet*  Syate m  e'.  Autemcllc 
Error  Manuring  Facility 


Figure  4-iS.  Coordinate  Syitem  of  Intorcoytor 


offset  angle  Is  varied.)  The  transmitting  an¬ 
tenna  remains  pointed  towards  the  receiver,  a 
four-horn  null  seeker.  Each  horn  of  the  null 
seeker  must  roil  about  Its  own  longitudinal  axis 
in  synchronism  with  the  transmitting  antenna  to 
keep  the  poiaiUatiuu  of  the  transmitter  and 
receiver  alined. 

c.  Fixed  Polarisation  Roll  Run,  Only  t**  roll 
angle  C  of  the  radome  can  be  varied,  while  the 
roll  angle  of  the  antenna  and  null  seeker  horns 
remains  fixed.  The  fixed  polarization  roll  run 
is  essentially  a  check  on  the  electrical  uni¬ 
formity  of  the  radome.  A  perfectly  uniform 
radome  should  produce  no  error  deviation  as 
the  radome  is  rolled. 

The  effect  curves  obtained  from  azimuth  runs 
show  that  the  deviation  la  always  toward  the 
thickest  area,  which  la  the  dielectric  patch.  An 
Increase  in  the  diameter  or  thickness  of  the 
patch  Increases  the  magnitude  of  the  deviation. 
Similar  results  can  be  shown  with  effect  curves 
obtained  from  fixed-polarization  roll  rune. 
Again,  the  deviation  1b  toward  the  thickest  area 
with  a  magnitude  approximately  proportional  to 
the  volume  of  the  patch. 

After  the  effect  of  one  patch  on  the  radome 
error  curves  has  been  determined,  two  identi¬ 
cal  patches  are  placed  on  the  test  radome  (Fig¬ 
ure  4-64).  The  error  deviations  caused  by 
these  patches  are  also  measured  (Figures 
4-86  and  4-66).  Along  path  0- to- 1  (shown  in 
Figure  4-64),  patches  A  and  B  have  the  indlvi- 
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(A)  side  view  (B)  front  view 

Figure  4-i4,  Redone  Wllh  Two  Dielectric  Fetch**  Added  To  Surface!  O-To-1  And  2-Te-3 
Indicate  the  Pall i»  Traveled  ty  the  Antenna  Ault  (Conical-Scan  Ault! 
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Plgun  4-45.  Errtr  Dgvlrtlm  AUng  Pith  0-T»-l 


dual  effects  shown  In  Figure  4-65.  The  total 
vertical  deviation  la  aero  because  of  the  sym¬ 
metrical  location  of  the  patches  about  the  path 
traversed.  The  total  horizontal  deviation  Is 
doubled  because  each  patch  has  a  similar  ef¬ 
fect,  For  each  patch  the  horizontal  deviation  is 
toward  point  C.  Along  path  2-to-3,  patches  A 
and  B  have  the  Individual  effects  shown  In  Fig¬ 
ure  4-66.  The  vertical  deviation  is  zero  be¬ 
cause  the  path  passes  through  the  center  of 
each  patch.  The  horizontal  deviation  caused  by 
each  Individual  patch  has  a  sinusoidal  charac¬ 
teristic  again.  Each  sinusoidal  variation 
crosses  the  zero  axis  at  a  point  corresponding 
to  the  a  position  of  the  patch.  The  slope,  mag¬ 
nitude,  and  length  of  each  oscillation  depend  on 
the  size,  thickness,  and  location  of  each  patch. 


In  the  example  under  consideration,  the  totpl 
horizontal  deviation  Is  a  doubly  oscillating 
curve. 

In  Figure  4-64,  (a)  could  also  represent,  In 
cross  section, a  patch  that  completely  encircles 
the  radome.  The  vertical  deviation  of  a  ring 
could  be  expected  to  be  negligible  because  each 
segment  has  a  similar  segment  located  sym¬ 
metrically  on  the  other  Bide  of  the  radome. 
The  horizontal  deviation  would  be  expected  to 
have  more  than  one  oscillation. 

Phase  2;  Location  of  Unknown  Inhomogenel- 
tles.  When  the  effects  of  known  Inhomogenei- 
tles  over  the  radome  surface  have  been  estab¬ 
lished,  the  Inherent  variations  In  any  given 
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radome  can  be  located.  These  inhomogeneities 
include  both  the  physical  non-uniformities  and 
the  nonhomogeneitles  of  the  fabricating  mater¬ 
ial,  A  single  discontinuity  can  easily  be  located 
by  making  a  series  of  roll  and  azimuth  runs. 
The  family  of  vertical  deviation  curves  for 
azimuth  runs  determines  the  roll  position  of 
the  discontinuity.  After  this  location  is  deter¬ 
mined,  the  horizontal  deviation  curves  for  roll 
runs  are  observed  to  locate  the  offset  position 
of  the  discontinuity.  This  method  of  locating 
the  discontinuity  becomes  very  tedious  and 
difficult  if  the  discontinuity  is  extended  over  a 
large  region  or  if  there  is  more  than  a  single 
discontinuity, 


An  alternative  method  of  locating  the  discon¬ 
tinuity  is  to  plot,  in  the  form  of  vectors,  the 
errors  obtained  from  a  series  of  flxed-polari- 

7  a  H nn  rr»ll  rim ■  nr*»f®rahl«»  on  n  fnw -shined 

. i  r - - - 

diagram.  This  transformation  gives  a  service¬ 
able  coordinate  system  which  simulates  the 
actual  radome  surface  unfolded.  At  convenient 
intervals  on  the  fan-Bhaped  diagram,  a  vector 
is  plotted  that  is  proportional  to  the  error  that 
occurs  as  the  conical-scan  axis  of  the  trans¬ 
mitted  beam  passes  through  the  corresponding 
point  on  the  radome.  The  direction  of  the 
vector  indicates  the  direction  of  the  error  at 
this  point.  Since  it  has  been  determined  that 
the  error  is  in  the  direction  of  the  thick  parts 
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of  the  radome,  the  system  of  vectors  will  point 
toward  these  thick  parts. 

Fur  this  method  it  is  necessary  to  establish  a 
reference  thickness  from  which  the  relative 
thickness  of  the  discontinuities  can  be  deter¬ 
mined.  The  reference  thickness  is  arbitrary, 
but  the  average  electrical  thickness  of  the  ra¬ 
dome  wall  at  one  offset  angle  can  be  taken  as 
the  reference.  This  average  thickness  can  be 
determined  if  the  radome  is  rolled  at  an  offset 
angle  of  zero  degrees  and  the  average  values  of 
the  horizontal  and  vertical  variations  are. taken. 
After  this  step  is  accomplished,  a  series  of 
roll  runs  with  various  offset  angles  Is  made. 
The  magnitudes  of  the  error  deviations  are 
taken  at  appropriate  Intervals  and  plotted  In  the 
form  of  vectors  on  the  fan-shaped  diagram.  In 
(a)  of  Figure  4-67,  the  curves  represent  the 
horizontal  and  vertical  deviation  for  three  roll 
runB.  The  Information  contained  in  the  vertical 
effect  curves  of  this  figure  are  transferred  to  a 
fan-shaped  diagram,  shown  In  (b)  of  Figure 
4-67,  In  this  diagram  the  radial  lines  repre¬ 
sent  constant  roll  angle  lines,  and  the  circles 
with  center  at  zero  represent  constant  offset 
angle  lines. 

Vectors  1'  to  T  are  proportional  to  the  verti¬ 
cal  deviation  at  corresponding  points  on  the 
vertical  error  curve.  The ‘point  at  which  the 
vectors  reverse  in  direction  indicates  the  C  po¬ 
sition  of  the  discontinuity.  Vectors  8'  to  10'are 
proportional  to  the  horizontal  deviation  at  cor¬ 
responding  points  on  the  horizontal  error 
curve.  These  vectors  are  plotted  to  determine 
the  u  position  of  the  discontinuity.  The  point 
at  which  vectors  8'  to  10 'reverse  In  direction 
represents  the  °  position  of  the  discontinuity. 
The  magnitude  of  the  vectors  is  kept  propor¬ 
tional  to  the  magnitudes  of  deviation  on  the 
error  curves.  The  direction  of  the  vertical 
deviation  vector  should  be  tangential  to  the 
constant  °  circles.  The  direction  of  the  hori¬ 
zontal  deviation  vector  should  be  radial.  The 
thickness  and  the  size  of  the  discontinuities  can 
be  estimated  by  observing  the  magnitudes  and 
the  rate  of  change  of  the  vectors.  The  distribu¬ 
tion  of  the  non-unlfonnlties  found  by  this  meth¬ 
od  for  one  experimental  radome  is  shown  in 
Figure  4-68. 

Phase  3:  Correction.  The  third  phase  of  the 
correction  technique  consists  of  the  actual  cor¬ 
rection  of  the  radome  for  uniformity  and  for 
inherent  boresight  error. 

Once  the  non-uniformity  distribution  of  a  ra¬ 
dome  is  plotted  by  the  vector  method  of  Phase 
2,  the  physical  location  of  the  discontinuities  on 
the  radome  surface  can  readily  be  found  by 


their  cr  and  !.  coordinates.  Patches  are  then 
added  or  material  is  ground  away,  depending  on 
whether  the  region  Is  too  thin  or  too  thick. 
When  the  uniformity  corrections  are  accom¬ 
plished,  there  will  be  no  vertical  deviation  in 
an  azimuth  run  and  no  vertical  or  horizontal 
deviation  in  a  fixed  polarization  roll  run. 

Most  interceptors  have  radomes  of  such  a 
contour  that  the  incidence  angles  that  the  radar 
beam  makes  with  the  radome  wall  vary  over  a 
large  range.  This  variation  in  incidence  angle 
generally  gives  rise  to  substantial  In-plane 
errors  when  azimuth  runs  are  made.  The  In¬ 
plane  errors  usually  have  sinusoidal  charac¬ 
teristics.  It  the  radome  Is  electrically  uni¬ 
form,  the  In-plane  error  curve  is  symmetrical 
about  zero  offset,  and  It  is  usually  easy  to  re¬ 
duce  the  magnitude  by  adding  identical  dielec¬ 
tric  obstacles  symmetrically  around  the  ra¬ 
dome  at  appropriate  offset  positions.  With 
some  experience  one  can  determine  this  posi¬ 
tion  with  little  difficulty.  It  Is  essential  that 
the  radome  be  corrected  for  u nlformity  before 
any  attempt  be  made  for  in-plane  correction! 
Symmetrical  placement  of  identical  patches 
applies  when  the  polarization  is  held  fixed  with 
respect  to  offset  angle.  When  direction  of  the 
polarization  varies  with  the  roll  of  the  radome, 
aB  in  conventional  interceptor  radomes,  cor¬ 
rection  of  the  radome  must  Include  correction 
of  the  additional  etfectB  due  to  the  polarization 
changes.  For  correction  of  these  additional 
effects,  the  antenna  may  be  fixed  to  a  horizontal 
linear  polarization  and  the  ln-plane  errors 
corrected  by  placement  of  identical  dielectric 
obstacles  on  the  horizontal  plane.  This  cor¬ 
rection  can  be  considered  to  correspond  to 
patches  A  and  B  with  an  azimuth  run  being 
made  from  2-to-3  (see  Figure  4-64).  The  ra¬ 
dome  and  the  antenna  are  both  rolled  90°,  and 
the  ln-plane  error  Is  again  corrected.  The 
second  correction  corresponds  to  an  azimuth 
run  from  0-to-l  In  Figure  4-64.  The  correct¬ 
ing  patches  placed  along  path  0-to-l  generally 
are  not  the  same  as  those  placed  along  path 
2-to-3  (A  and  B  In  Figure  4-64),  The  patches 
are  tapered  toward  each  other  so  that  no  abrupt 
discontinuity  occurs.  By  this  method,  the 
errors  for  the  intermediate  polarization  are 
compensated  In  the  test  radome.  Typical 
curves  before  and  after  correction  In  this  man¬ 
ner  are  shown  in  Figure  4-69, 

A  second  method  of  correction  of  the  addi¬ 
tional  polarization  effects  consists  of  the  ra¬ 
dome  and  the  antenna  being  rolled  synchron¬ 
ously.  The  non-uniformity  distribution  diagram 
Is  plotted  in  a  manner  similar  to  the  vector 
diagram  in  Phase  2  of  the  overall  correction 
technique.  This  diagram  differs  from  the  pre- 
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vloua  one  In  that  the  additional  effects  Intro¬ 
duced  by  varying  the  polarization  are  Included. 
The  correction  technique  follows  the  same  pat¬ 
tern  as  that  for  a  fixed  polarization.  After  this 
correction  Is  made,  another  set  of  roll  runs  Is 
made  with  a  reference  thickness  again  estab¬ 
lished  at  an  arbitrary  reference.  There  should 
be  no  variation  In  the  curves  themselves  for 
each  corresponding  roll  run,  but  the  reference 
levels  of  the  horizontal  curves  *111  be  above  or 
below  the  reference  thickness.  The  shift  in  the 
level  Indicates  whether  •'  given  location  is  thick 
or  thin.  (This  metj.^c;  has  not  been  experimen¬ 
tally  verified  at  the  time  of  writing.) 

The  correction  technique  has  been  used  with 
dielectric  patches  on  a  typical  Interceptor  sys¬ 
tem,  and  a  substantial  reduction  in  error 
slopes  and  magnitude  was  achieved.  The  re¬ 
sults  of  tins  program  can  be  used  as  a  guide  to 
the  correction  of  small  radomes  (conventional 
missile  radomes).  It  is  thought,  however,  that 
the  technique  Is  more  beneficial  with  large  ra¬ 
domes.  Errors  of  missile-type  radomes  have 


been  more  specifically  corrected  by  the  use  of 
dielectric  rings. 

4-56.  Dielectric  Rings* 

A  systematic  exp.  rimental  technique  has  been 
established  ty  means  of  which  the  Inherent 
error  in  a  given  radome  can  be  corrected.  By 
this  technique  the  residual  error  In  the  radome 
can  be  reduced.  As  presently  used,  the  proce¬ 
dure  consists  of  the  placement  of  dielectric 
rings  on  the  inner  radome  surface.  The  loca¬ 
tion  of  the  rings  and  their  thicknesses  are 
determined  mathematically  thiough  a  minimiz¬ 
ing  procedure. 

Experimental  Technique.  The  major  portion 
of  the  work  on  corrective  dielectric  rings  has 
been  done  in  connection  with  the  development  of 


‘This  technique  and  associated  explanatory 
literature  are  covered  by  a  Department  of 
Commerce  secrecy  order. 
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a  streamlined  radome  for  the  Hughes  GAR-LA 
Falcon  missile.  *  The  contour  of  this  radome 
is  essentially  ogival  and  the  base  of  the  radome 
is  just  large  enough  to  fit  over  a  5-inch  reflec¬ 
tor  dish.  Typically,  a  very  flat  crosstalk  error 
curve  is  obtained  with  this  type  of  radome  so 
that  the  in-plane  error  curve  Is  the  major 
problem.  The  in-plane  error  curve  has  a  num¬ 
ber  of  oscillations  which  contain  slopes  as  high 
as  0.08°  per  degree.  When  a  corrective  ring  is 
inserted  in  the  radome,  a  large  change  in  the 
in-plane  error  curve  will  result.  It  can  be  ob¬ 
served  from  Figure  4-70  that  this  particular 
ring  has  the  effect  of  reversing  the  nature  of 
the  error  slope.  Since  this  reversal  is  possi¬ 
ble,  it  can  be  reasoned  that  an  error  curve  can 
be  made  flat  in  certain  regions  so  that  at  least 
the  large  error  regions  can  be  corrected. 


Therefore,  to  correct  the  in-plane  error,  an 
error  must  be  Introduced  into  the  radome  so 
that  the  two  curves  will  cancel.  Dielectric 
rinfffl  can  h#»  uaed  h  intrnHni’ft  «nnh  *?rror  tc 
minimize  the  netln-plane  error.  The  rings  used 
in  development  of  the  technique  were  made  ol 
the  same  materia)  as  the  radome  and  formed  to 
the  same  contour  (Figure  4-71);  however,  other 
dielectric  materials  can  be  used  to  achieve  the 
same  results. 

With  the  ring  technique,  the  error  curve  of  a 
radome  atone  is  recorded.  Then,  one  at  a 
time,  each  ring  Is  inserted  Inside  the  test  ra¬ 
dome  and  fastened  temporarily  at  the  point  at 
which  the  configurations  matched.  For  each 
ring  inserted,  an  ln-plane  error  curve  of  the 
radome-ring  combination  is  recorded;  the  data 
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Figure  4-70.  Effect  of  Dielectric  Ring  an  In-Plane  Error  Curve 


Figure  4—7 1.  Fabrication  of  Dielectric  Rlnyt :  Application  of  the  Ring  Correction  Toe  bn/quo  la  Facilitated  It  the  Rlnga  Here  the  Same 
Contour  am  the  Rada  me  to  be  Corrected.  Shewn  Above  am  the  Rough  Rodome  (Left),  Flnlahed  Radema  (Center),  and 
the  Cotretponding  Rtngm  (Right)  Fabricated  In  Development  of  the  Technique 


points  are  taken  from  each  curve  and  listed  in  radome,  a  combination  of  ring  error  curves  is 

tabular  form.  Bing  effect  curves  are  calculated  found  which,  when  added,  gives  an  error  curve 

from  these  tables  by  subtracting  the  radome  opposite  from  that  of  the  radome.  The  rings 

error  curve  from  each  radome-plus-ring  error  corresponding  to  the  desired  error  curves  are 

curve.  By  this  subtraction  method  an  effect  placed  in  the  radome,  which  is  then  tested, 

curve  for  each  individual  ring  is  obtained.  (As  When  a  proper  combination  of  rings  has  been 

a  check  on  this  method  the  rings  were  tested  chosen,  it  can  be  used  on  all  radomes  of  the 

individually  in  free  space;  the  same  effect  same  configuration  and  materials  with  the  re¬ 
curves  were  obtained  as  were  obtained  by  sub-  suits  repeating  for  each  radome,  provided 

traction.)  To  correct  the  in-piane  error  of  the  there  are  no  additional  errors  in  any  radome 
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as  a  result  of  Imperfections  In  fabrication.  In 
the  development  of  the  technique,  use  of  the 
best  combination  of  corrective  rings  in  the  test 
radome  reduced  the  total  excursion  of  thejn- 
pLums  error  curve  irom  approximately  0.7“  to 
0.3  error  and  the  slope  from  a  maximum  of 
0.08  per  degree  to  0.02°  per  degree  or  less 
(Figure  4-72). 

Changes  in  the  width  and  the  thickness  of  the 
rings  have  an  additive  effect.  The  amount  of 
in-plane  error  is  proportional  to  the  thickness 
and  also  to  the  width  of  the  ring,  for  example, 
In  the  experimental  approach,  a  1/2-lnch-wide 
ring  was  placed  at  the  eamo  position  In  the  ra- 
dome  as  two  adjacent  rings  1/4  Inch  wide.  The 
wider  ring  gave  an  error  curve  Identical  with 
the  aum  of  the  error  curves  of  the  two  1/4-Inch¬ 
wide  rings.  Since  each  individual  ring  produces 
an  individual  effect  curve  and  since  effect 
curves  are  additive,  the  radome  designer  is 
able  io  combine,  by  calculation,  several  ring 
error  curves  to  evaluate  rapidly  the  effect  the 
combination  will  have  on  the  radome  without 
actually  performing  the  measurement. 

The  additive  effect  of  both  the  width  and  the 
thickness  of  the  rings  can  be  shown  graphically. 
It  is  possible  that,  for  the  best  error  curve,  a 
set  of  rings  is  needed  in  which  each  individual 


ring  requires  a  different  thickness.  To  solve 
this  problem  in  a  nonexperlmental  manner,  a 
least-square  method  can  be  used  to  determine 
the  best  thickness  for  n^h  rir.".  A  set  of  .ir-s 
Is  taken  that  gives  good  error  curves  and  the 
least-square  method  Is  applied  to  find  the  opti¬ 
mum  thickness.  In  this  manner  many  needless 
experiments  can  be  eliminated,  and  only  those 
combinations  need  to  be  measured  that  have 
promise. 

Applications  of  the  Technique.  The  dielectric 
ring  technique  has  given  excellent  resulta  for  a 
particular  experimental  radome  design.  Thus, 
the  question  arises,"Is  the  technique  applicable 
to  general  radome  design?”  The  method  has 
been  applied  to  two  other  radome  configura¬ 
tions  to  show  its  versatility.  Figure  4-73  is  a 
comparison  of  the  error  of  a  small  thln-skln 
hemispherical  radome  before  and  after  ring 
correction  for  in-plane  error.  The  slope  has 
been  reduced  from  0.045°  per  degree  to  0.025° 
per  degree  by  the  addition  of  rings. 

TTie  dielectric  ring  technique  was  also  applied 
to  a  hall-wave  wall  interceptor  radome  with  a 
large  dish  and  a  fairly  pointed  nose.  The  error 
curves  with  and  without  rings  are  shown  in 
Figure  4-74.  Again  there  is  a  reduction,  the 
radome  slopes  dropping  from  0.05°  per  degree 
to  0.01°  per  degree. 
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In  addition  to  half-wave  wall  and  thin-skln 
radomes,  there  la  reason  to  believe  that  ra- 
domes  of  sandwich  construction  can  also  be 
corrected  by  the  dielectric  ring  technique. 
Size  does  not  limit  the  use  of  the  technique, 
since  large  and  small  radomes  of  both  missile 
and  Interceptor  type  have  been  satisfactorily 
corrected.  Some  experimental  work  has  also 
been  done  on  correction  of  In-plane  error  by 
the  use  of  negative  rings  In  the  form  of  grooves. 
These  grooves  are  cut  In  the  Inner  surface  of 
the  radome  wall  and  have  the  reverse  effect  of 
a  ring  placed  in  the  same  position. 

As  a  result  of  these  investigations,  the  radcme 
designer  has  several  choices  of  methods  for 
compensating  a  radome.  He  can  use  dielectric 
patches,  rings,  grooves,  or  a  combination  of  the 
dielectric  obstacles.  Since  the  ideal  radome  for 
production  would  have  a  smooth  inner  contour,  a 
combination  that  could  be  molded  into  the  radome 
Is  probably  the  best. 

Scattering  by  a  Thin  Dielectric  Ring.  To  give 
a  fuller  understanding  of  the  effect  of  the  die¬ 
lectric  rings  as  correcting  devices,  L.  L.  Phil¬ 
ips  chi'*  5  has  carried  out  an  analysis  of  the  scat¬ 
tering  effect  of  a  thin  dielectric  ring  on  an  elec¬ 
tromagnetic  field.  The  ring  inserts  can  be  con¬ 
sidered  as  introducing  an  out-of-phase  pertur¬ 
bation  that  cancels  the  radome -caused  pertur¬ 
bation  of  the  free-space  far-zone  power  pattern 
of  the  antenna.  As  observed  experimentally,  the 
ring  perturbation  is  essentially  independent  of 
the  presence  of  the  radome,  at  least  for  thin 
dielectric  rings  and  low-reflection  radomes. 
Thus,  for  calculation  of  the  effect  of  the  ring  as 
an  error-correcting  device,  It  is  only  necessary 
that  the  ring  be  considered  in  free  space  and  il¬ 
luminated  by  an  electromagnetic  field, 

As  noted  in  Equation  (4-80),  various  investi¬ 
gators  have  utllizedMaxwell's  equations  to  show 
that  the  volume  polarization  currents, J  ofEqua- 
tlon  (4-77),  radiating  in  free  space  Tn  the  ab¬ 
sence  of  the  scatterer,  may  be  regarded  as  the 
source  of  the  field  scattered  by  a  dielectric  body 


such  as  the  radome  of  Section  4-45  or  the  rings 
of  Section  4-56.  Under  the  assumption  that  the 
presence  of  a  ring  does  not  appreciably  affect 
the  source,  Barrar  and  Dolph53  have  utilized  an 
Integral  equation  formulation  as  follows: 

H(P)=H1(P)-7'/f(P,Pl)dV1  (4-121) 

V 

where  H  =  magnetic  vector  of  the  total  field 

Hj  =  magnetic  vector  of  the  Incident 
field 

P  -  point  of  observation 

Pi  ■=  point  of  integration  in  the  obstacle 
volume 

V  =  volume  of  the  scatterer  (In  this 
analysis,  the  ring) 

y  =  constant,  depending  on  the  differ¬ 
ence  of  the  squares  of  the  propaga¬ 
tion  constants  in  V  and  in  free  space. 

The  vector  function  F  is  given  by 

£(p-Pl>=vl(^)  *  I(Pl)  <4'122> 


where  the  Green’s  function  =  (e^®®)/R  in¬ 
volves  the  distance  R  between  P  and  Pj.  The 
electric  vector  of  the  total  field  Is  g.  A  further 
relation  between  g  and  H  Is  Maxwell’s  equation 

Wn 

I(P)  =— X  ii(P)  (4.123) 

k^ 

The  scatter  is  taken  to  be  a  thin  cylindrical  di¬ 
electric  ring.  As  Indicated  In  Figure  4-75  the 
system  employed  has  cylindrical  coordinates  r, 
0,  z  about  the  center  0  of  a  ring  with  an  inner 
radluB  a,  thickness  h,  and  height  2 1  .  The  method 
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Figure  4-7  5,  Coordinate*  and  Ring  Geo  mol  ty  of  Approximation 
Technique:  h ,  Thickneu  of  Ring;  2l,  Height  of  Ring;  a,  Innot 
Radiue  of  Ring;  r,  0,  cr,  Coordlootot; 
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turbation  series.  Moreover ,  it  can  be  rigorously 
established  that  the  first  order  terms  In  the  for¬ 
mal  series  are  asymptotically  equal  to  the  total 

i;or tr\ *»  Jaj*  h  *  C 

H(P)  =  H[  (P)  +  h  Hj  (P)  +  0(h2)  (4-126) 

provided  that,  as  assumed,  the  total  vectors  be¬ 
come  equal  to  the  Incident  vectors  as  h  -  0.  For 
sufficiently  thin  rings,  H(  +  hHj  gives  an  ap¬ 
proximation  for  H.  As  this  representation  is 
asymptotic,  questions  of  error  bounds  and  their 
dependence  on  various  parameters  are  involved 
and  are  best  settled  by  observations  on  the 
agreement  of  measured  values  with  values  ob¬ 
tained  from  the  formulas. 


of  analysis  makes  use  of  a  perturbation  technique 
used  by  J.  B.  Keller,54  which  leads  from  the  In¬ 
tegral  equation  to  a  formal  expansion  for  the 
vectors  of  the  total  field  in  powers  of  the  radial 
thickness  of  the  ring. 

The  H  series  can  be  written  In  the  form 


H(P)  =  H(  (P)  +  ]TV  Hn  (P)  (4-124) 

n=l 

for  all  P  not  lying  on  the  inner  ring  surface  or 
at  the  sources.  The  E  series  is  analogous.  In 
these  formal  series  lfis  assumed  that  the  total 
field  reduces  to  the  incidentfield  when  the  thick¬ 
ness  of  the  ring  h  -*0. 

If  the  perturbation  series  is  substituted  into 
the  integral  equation  and  Equation  (4-123)  is 
used,  an  iteration  formula  for  the  vectors  Hnis 
obtained.  The  higher  order  vectors  are  difficult 
to  calculate,  but  the  coefficient  of  the  linear 
term  in  the  series  is  not.  It  Is  possible  to  write 
the  following  equation 

2*  I 

H!(P)-->a J AziAt)i  (4-125) 
0  -I 

where  only  g^,  the  incident  electric  vector,  is 
required.  Hj  is  then  calculated  by  an  explicit 
vector  Integration. 

Experimental  work  done  at  Hughes  Aircraft 
Company55  indicates  that  for  sufficiently  small 
dielectric  volumes  the  scattering  effect  Is  linear 
with  respect  to  changes  in  volume.  For  a  thin 
ring  the  volume  is  essentially  proportional  to  its 
thickness;  thus,  it  is  practical  to  consider  only 
the  terms  through  the  first  power  of  h  In  the  per¬ 


When  an  approximation  for  the  magnetic  vector 
H  is  obtained, a  correspondlngapproxlmate  for¬ 
mula  for  the  far-zone  power  pattern  function  is 
found.  If  a  is  the  distance  of  the  far-zone  point 
of  observation  from  the  center  of  the  ring,  the 
power  pattern  function  is  obtained  from  Equa¬ 
tion  (4-127): 

(4-127) 

where  H^,  are  cylindrical  compo¬ 

nents  of  H.  If  the  evaluation  of  H  Is  used, >  can 
be  written  in  the  form 

y  =  y  j  +  h»ip  +  O(h^)  (4-128) 

where  1b  the  far-zone  pattern  function  of  the 
incident  field,  without  the  ring,  and  is  the 
"first  order  perturbation"  power  pattern  func¬ 
tion. 

Measurement  and  calculations  of  *,  Equa¬ 
tion  (4-128),  were  carried  out  for  the  condition 
in  which  the  incident  field  was  generated  by  a 
half -wave length  dipole  which  had  the  same  axis 
as  the  ring.  Figure  4-76  depicts  the  geometry 
of  the  test  situation,  #  being  the  angle  between 
the  point  of  observation  and  the  axis.  Due  to  sym¬ 
metry,  calculations  and  measurements  for 
Os 0190°  lying  in  any  plane  through  the  Z-axis 
are  sufficient.  Since  the  radiated  power  of  the 
dipole  is  small  near  the  axis,  only  a  range  30° 
C't>  i  90°  was  actually  considered.  For  the  cal¬ 
culations  and  measurements,  a  wavelength  of 
1.29  inches  and  a  dielectric  constant  of  6:3  were 
used.  The  inner-ring  radius  (a)  was  kept  con¬ 
stant  at  3  inches  and  the  height  (2/)  at  O.D  inch. 
The  thicknesses  of  the  rings  (h)  were  successive 
doubles  of  0.012 5  inch,  Typical  patterns  for  one 
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db  down  from  maximum  power 


ritvn  4-76.  Half-Way,  Dlptlt  An tanna  C ««/./  With  /tin,, 
a,  Ian*,  Ring  Radiy,;  2 1 ,  Haight  »i  Ring,  h,  Thlckn,,,  of 
Ring;  Pt  Point  of  Obtnrvdion 


set  of  rings  studied  are  represented  in  Figure 
4-77,  For  these  curves  the  thicknesses  of  the 


rings  were  0,025  and  0,050  inch.  In  Figure  4-77 

are  depicted  the  thnor»Hr»i  — _ _  _ 

pattern,  the  measured free  apace  dlpolepattern 
the  perturbed  pattern  as  predicted  by  analysis' 
ana  the  measured  perturbed  pattern. 


The  curvespre&onted  are  indicative  of  the  good 
overall  agreement  that  was  obtained  for  rings 
with  a  thickness  of  less  than  about  0.1  inch,  As 
the thickness  of  the  rings  increased,  the  approxl- 
mat  ion  technique,  which  ts  based  on  an  asymptotic 
expansion  of  the  field  in  powers  of  the  thickness, 
became  less  and  less  applicable.  As  indicated 
pievlously,  establishment  of  the  ranges  of  the 
various  ring  parameters,  such  as  tho  thickness 
which  permit  a  preassigned  accuracy  of  the  pro¬ 
posed  technique,  must  await  furthefr  investi¬ 
gation. 


Riga, ,4-7 7.  Tygltal  PaHoma  al  On,  Sal  of  Ring,  SMi«l 
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SECTION  H.  NEAR-FIELD  MEASUREMENTS 


As  was  mentioned  In  the  Introduction,  the  size 
of  a  lauuiue  is  of  considerable  importance  In 
the  development  and  application  of  accuratepre- 
dlctlon  methods.  Physical  optics  methods  can 
be  used  with  fair  accuracy  in  the  prediction  of 
errors  In  large  radomes,  but  these  methods  and 
their  modifications  are  of  little  practical  use 
with  small  radomes.  The  small  physical  dimen¬ 
sions  Increase  the  severity  of  the  scattering  ef¬ 
fect  of  the  radome  in  the  antenna-  radome  sys¬ 
tem  so  that  the  fields  contained  within  the  small 
radome  become  extremely  complex.  Similar 
factors  disturb  the  fields  within  the  large  ra¬ 
dome  but  tn  a  considerably  less  extent.  The 
fields  contained  by  both  large  and  small  ra¬ 
domes  are  part  of  the  near-fleld  or  Fresnel  re¬ 
gion,  and  before  precise  analytical  methods  for 
predicting  radome  errors  can  be  completely  de¬ 
veloped  and  proved,  a  full  understanding  of  the 
near-fleld  radiation  of  antenna- radome  systems 
appears  necessary. 

Briefly,  the  near  field  Includes  the  fields 
closest  to  the  antenna  aperture  and  extends  an 
arbitrary  distance,  2D2/\*  where  D  is  the  dia¬ 
meter  of  the  antenna  aperture.  The  outer  fields 
beyond  2D2A  are  the  far-flsld  or  Fraunhofer 
region.  In  the  far  field  the  measurable  field 
components  are  transverse;  that  Is,  the  E  and  H 
vectors  are  at  right  angles  to  the  direction  of 
propagation.  The  shape  of  the  field  pattern  is 
independent  of  the  radius  at  which  it  is  taken, 
because  for  most  purposes  the  energy  can  be 
safely  assumed  to  have  been  formed  into  abeam 
or  plane  wave  by  the  time  it  reaches  the  far 
field.  In  the  near  Held,  the  radial  field  may  be 
appreciable  and  the  shape  of  the  field  pattern  Is 
in  general  a  function  of  the  radius.5®  No  clear 
picture  has  yet  been  formulated  of  the  fields 
which  exist  within  the  near  Held,  and  no  sim¬ 
plifying  approximations  can  even  be  made  for 
the  region  in  the  immediate  neighborhood  of  the 
aperture  (the  so-called  near-zone  region). 
Because  of  the  size  of  the  small  radome,  most 
of  the  fields  contained  within  it  will  fall  into 
this  complex  near-zone  region,  A  detailed  study 
oftne  integrals  for  this  region  and  for  the  entire 
near  field  is  beyond  the  purpose  of  the  present 
discussion.  It  is  .sufficient  to  emphasize  the  Im¬ 
portance  of  the  near  field  In  the  development  of 
precise  analytical  methods,  particularly  for 
small  radomes. 


♦Some  Investigators  have  found  that  D2A  Is 
sufficient  to  enclose  the  fields  of  greatest  in¬ 
terest. 


4-57.  Near-fleld  Measurement  Methods 

Before  the  effect  of  the  radome  as  a  scatterer 
in  the  antenna-radome  system  can  be  analyzed, 
the  near  Hold  of  the  antenna  alone  needs  to  be 
known.  Many  studies  have  been  and  are  being 
worked  on,  such  as  those  at  the  Ohio  State  Uni¬ 
versity  Antenna  Laboratory, 58,59,60  at  McGill 
University, and  at  Hughes  Aircraft  Company. 
62,63  The  two  current  methods  of  studying  the 
near  fields  of  antennas  are  based  on  direct 
measurements  of  the  distribution  across  differ¬ 
ent  planes  of  the  near  field  by  means  of  receiv¬ 
ing  probes  or  reflecting  (scattering)  probes. 
Amplitude  and  phase  data  are  recorded  and 
plotted  at  increasing  distances  from  the  antenna 
aperture  and  for  various  offset  angles  to  give  a 
picture  of  the  progressive  diffusion  of  the  field. 
(A  third  method®*'  has  been  suggested  which 
differs  from  the  two  conventional  plotters  in  its 
use  of  two  field-sampling  probes  instead  of  one. 
A  phase  reference  taken  from  the  field  Itself  re¬ 
places  a  fixed  reference  signal  taken  directly 
from  the  source.)  These  methods  can  also  be 
used  for  measurements  of  the  near  field  of  the 
entire  antenna-radome  system,  but  studies  of 
the  radotue  effect,  are  hampered  by  lack  of  suf¬ 
ficiently  accurate  data  on  the  antenna's  near 
field. 

Various  near-fleld  measuring  techniques  are 
discussed  In  Chapters  2,  H,  and  12. 

4-58.  An  Analysis  of  the  Radiated  Field  ol  a 
Small  Radome 

A  study  which  deals  directly  with  the  antenna- 
radome  problem  Is  now  being  conducted  at  the 
Hughes  Aircraft  Company.  Some  of  the  findings 
and  thoughts  which  such  a  study  has  brought 
forth  will  be  presented.  The  equipment  used  Is 
merely  a  guide  as  to  what  can  be  used,  for  there 
are  many  other  fine  measuring  setups  throughout 
the  country. 

Test  Setup,  The  transmitter  was  a  conical 
scanning  antenna  which  had  a  reflector  aper¬ 
ture  of  4.9  inches,  and  the  radome  had  the 
Hughes  N-65A  configuration,  A  slot-fed  quar¬ 
ter-wavelength  dipole  connected  to  a  small  mis¬ 
sile  coaxial  feed  line  was  used  as  the  receiving 
probe.  Measurements  were  made  at  9135  mega¬ 
cycles,  and  horizontal  linear  polarization  was 
used  for bothtransmitter and probe.  Figure  4-78 
Is  a  photograph  of  the  test  setup,  with  a  closeup 
of  the  antenna  and  radome  mount  shown  in  Figure 
4-79. 
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Flqvr*  <-79.  Rdo'om#  nnd  Anttnrw  Mount  ol  Noar-fioH 
M#oi utlng  Apparatui 

The  radome  was  mounted  on  a  portion  of  a 
missile  body  ao  that  the  radome  axis  war.  coin¬ 
cident  with  the  missile  body  axis  at  all  times. 
The  axes  of  the  reflector  and  feed  also  remained 
fixed  In  relation  to  each  other.  The  radome  and 


missile  body  could  be  rotated  In  offset  relative 
to  the  reflector,  either  vertically  or  horizontally, 
on  a  gimbal  located  behind  the  base  of  the  re¬ 
flector  on  the  reflector  axis  (Figure  4-80). 
Measurements  discussed  were  all  made  with  the 
radome  offset  vertically.  The  receiving  dipole 
was  mounted  on  a  carriage  to  permit  motion 
along  three  mutually  perpendicular  axes  which 
are  the  coordinates  used  In  the  measurements: 
the  Z-axis  Is  parallel  to  the  axis  of  the  reflector 
with  the  X-axis  horizontal  and  the  Y -axis  vertical 
(Figure  4-81). 

Determination  of  Near-Held  and  Far-fleld 
Zones.  Far-fleld  scans  were  taken  29.7  Inches 
from  the  outer  perimeter  of  the  reflector.  This 
distance  was  considered  sufficient  for  far-lleld 
measurements  for  a  5-inch  reflector  since,  ac¬ 
cording  to  Stiver®**  and  others,  the  minimum 
distance  at  which  far-fleld  patterns  should  be 
measured  lies  between  lAA  and2DV\  where 
D  Is  the  diameter  of  the  reflector.  To  verify 
that  the  29.7-tnch  distance  was  adequate  for  the 
far  field,  the  relative  power  along  the  reflector 
axis  was  measured  for  zero  offset  with  the  ra¬ 
dome  mounted  (Figure  4-82),  Amplitude  varies 
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Flyura  4—80.  Croat  Soctioo  at  Tranlm Itfor 


(a)  tide  view 


(b)  front  view 


Flyura  4-SI,  Coordhaia  S/at* to  and  Carriage  Mollwi 


Inversely  as  the  square  of  the  range;  tn  the  far 
field  a  l/Z^  variation  of  power  Intensity  is  there¬ 
fore  to  be  expected.  The  curve  indicating  the  ex¬ 
pected  power  drop  is  indicated  by  the  broken 
line  curve  in  Figure  4-82.  Beginning  near  18 


Inches  the  measured  curve  approximates  the 
l/Z^  curve  but  some  variations  still  are  ap¬ 
parent.  The  18-tnch  distance  is  approximately 
dVa,  so  that  the  distance  of  29.7  inches  isquite 
adequate  for  far-field  measurements  for  the 
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situation  in  these  tests.  Figure  4-82  also  Indi¬ 
cates  that  the  maximum  perturbation  olthe  Held 
which  could  be  measured  occurred  at  a  distance 
about  10.5  inches  from  the  antenna  aperture 
along  the  Z-axls.  This  distance  distinguishes 
the  region  in  which  the  near-fleld  measurements 
were  taken.  Scans  were  taken  along  the  X-axls 
and  along  the  Y-axls. 

No-Dome  Measurements  of  the  Near  Field. 
Measurements  were  first  made  of  the  amplitude 
and  phase  of  the  near  field  (no  radome).  Values 
of  the  field  were  measured  at  discrete  distances 
from  the  antenna  aperture  along  the  Z-axls  In 
both  the  Y-Z  plane  and  the  X-Z  plane.  The  scans 
were  made  In  0.4-tnch  steps  along  the  two  per¬ 
pendicular  axes.  Grid  patterns  were  plotted 
from  the  measured  values,  and  phase  andlpower 
contour  maps  were  drawn.  In  general,  the 
highest  amplitude  measured  In  each  set  was 
normalized  to  unity.  The  grid  patterri^ampll- 
tude  measurements  and  corresponding  power 
contour  maps  In  each  plane  are  plotted  In  deci¬ 
bels.  The  value  at  each  point  denotes  the  ampli¬ 
tude  level  In  decibelsbelow  the  value  at  the  ref¬ 
erence  point.  For  the  phase  measurements  the 
most  advanced  phase  measured  in  each  set 
was  normalized  to  zero  degrees.  Figures 
4-83  and  4-84  represent  the  contour  maps 
of  the  relative  phase  measurements  for  the  Y-Z 
plane  and  the  X-Z  plane,  respectively.  The 
contour  maps  of  the  relative  amplitude  meas¬ 
urements  In  the  two  planes  are  presented  in 
Figures  4-85  and  4-B6.  The  grid  patterns  are 
not  shown  but  are  available  In  the  literature.55 


The  main  value  of  the  grid  maps  lies  In  their 
use  in  the  analysis  of  the  diffraction  due  to  var¬ 
ious  obstacles  whl'cb  might  be  In  the  near  field 
of  the  antenna.  The  contour  maps  present  a 


pictorial  view  of  the  near  field.  They  show  both 
a  rapid  decrease  in  amplitude  as  the  distance 
from  the  reflector  axis  increases  and  also  the 
essential  planarity  of  the  phase  front  in  the 
vicinity  of  the  reflector  axis.  Another  inter¬ 
esting  observation  from  the  contour  maps,  es¬ 
pecially  from  Figure  4-84,  is  the  spherical 
shape  of  the  last  two  or  three  phase  fronts  10 
to  11  inches  from  the  reflector.  The  shape  of 
these  phase  fronts  indicates  that  there  is  a  vir¬ 
tual  source  behind  the  reflector.  Qualitatively, 
this  observation  agrees  with  unpublished  results 
found  Independently  by  other  Investigators  al 
Hughes. 

On  the  Y-Z  plane  (H  plane)  amplitude  contour 
map  of  Figure  4-85,  polar  radial  lines  aredrawn 
at  the  far-field  amplitude  null  and  peak  angular 
positions  of  the  sidelobes.  The  actual  fa r -field 
H-plane  power  pattern  is  shown  in  Figure  4-87. 
This  pattern  was  taken  with  an  elliptlcally  polar¬ 
ized  pickup  horn  with  a  6-declbel  axial  ratio. 
Measurements  taken  of  the  cross-polarized  com¬ 
ponent  of  the  field  indicated  that  this  component 
was  negligible  with  respect  to  the  horizontal 
component,  so  that,  forany  practical  interpreta¬ 
tion  of  the  far-field  pattern  of  Figure  4-87,  the 
pickup  horn  may  be  regarded  as  linearly  polar¬ 
ized.  It  should  be  noted  that  the  null  and  peak 
positions  ofthe  sidelobes  indicated  by  thebroken 
lines  on  Figure  4-87  correspond  In  angularposi- 
tlontothe  radial  lines  drawn  on  Figure  4-B5. 
Apparently,  the  aidelobe  structure  of  the  far 
field  actually  manifests  Itself  very  close  to  the 
reflector  in  the  region  which  is  considered  as 
the  near  field,  This  property  of  the  near  field 
is  significant  In  a  number  of  respects,  among 
which  is  the  fact  that  the  near-fleld  sldelobe 
structure  may  reveal  the  manner  In  which  the 
field  illumination  of  such  obstacles  as  rods  af¬ 
fects  the  far-field  main  beam  structure.  The 
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Flgun  <-81.  No -Dam*  Conilonf  Moo*  Com  too*  Mop  In  Y-Z  Piano  o  I  Antoooo  Ntor-lloU  (X  -  0) 


effect  of  such  obstacles  Is  noticeable  In  radome 
error  versus  offset  angle  curves  of  the  obstacles. 

Relative  phase  and  power  graphs  (Figure  4-88) 
were  plotted  on  an  Increased  scale  for  each 
plane  at  the  dlstanoe  from  the  antenna  aperture 
(Z  =  10,45  Inches)  at  which  maximum  pertur¬ 
bation  of  the  near  field  had  been  noticed.  With¬ 
in  the  limits  of  error  involved  In  making  the 
measurements,*  the  sets  of  graphs  for  each 
plane  are  essentially  (he  same.  A  similar  com¬ 
parison  can  be  made  between  the  phase  contours 
of  the  twoplanes  (Figure  4-83  for  the  Y-Z  plane 
and  Figure  4-84  for  the  X-Z  plane)  and  the  power 
contours  (Figures  4-85  and  4-86).  The  similar- 


interference  in  the  near  field  caused  by  the 
measuring  probes  and  supporting  equipment  is 
one  of  the  major  problems  facing  Investigators. 
Most  current  prediction  techniques  require  em¬ 
pirical  data  of  high  accuracy,  but  it  Is  difficult 
to  obtain  these  data,  since  effect  of  the  equip¬ 
ment  on  the  field  has  not  yet  been  accurately 
determined. 


ity  indicates  a  considerable  degree  of  cylindri¬ 
cal  symmetry  of  the  horizontally  polarized  field. 

Furthermore,  some  measurements  of  the  cross- 
polarized  component  of  the  field  have  shown 
that  this  component  Is  essentially  negligible  In 
amplitude.  This  observation  is  also  true  of  the 
radial  E-field  component.  (To  check  the  validity 
of  this  observation  further,  some  supplementary 
•measurements  were  taken  of  the  horizontally 
polarized  component  of  the  field  when  a  circu¬ 
larly  polarized  feed  was  used  at  the  reflector. 

The  circular  feed  and  reflector  radiated  circular 
polarization  along  the  entire  Z-axls.  The  meas 
urements  were  taken  in  the  same  position  as 
those  of  Figure  4-88,  and  the  measuredpatterns  1 

in  each  plane  were  found  to  be  the  same  as  those 
of  Figure  4-88.) 

The  apparent  cylindrical  symmetry  of  the 
field  canbevery  useful  from  both  analytical  and 
experimental  points  of  view  in  that  it  may  simpli¬ 
fy  many  of  the  calculations  and  measurements 
necessary  in  the  solution  of  various  diffraction 
problems.  H  also  appears  that  the  radome  errors 
of  various  polarizations  may  bewWitlve  in  some 
simple  manner  to  yield  the  radome  error  of  a 
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resultant  polarization.  The  degree  to  which  cyl¬ 
indrical  symmetry  and  polarization  separation 
can  be  assumed  to  exist,  In  consideration  of 
the  problem  of  predicting  error  to  a  sufficient 
accuracy,  Is  being  investigated  further. 

Near-field  Mea aiireinenis  with  Rflriome  Mount¬ 
ed.  With  the  radome  mounted  over  the  antenna, 
three  sets  of  measurements  were  made  along 
the  X-axig  and  along  the  Y-axis  relative  to  the 
point  on  the  Z-axls  at  which  maximum  pertur¬ 
bation  had  been  noticed  in  the  no-dome  meas¬ 
urements.  It  was  desired  to  see  what  effect  the 
radome  would  have  on  the  field  at  this  point 
(Z  =  10.45  Inches).  The  measurements  were 
taken  with  the  radome  vertically  offset  at  three 
angles:  0°  offset  (radome  axis  and  reflector 
axis  coincident),  -5°  offset,  and  -20°  offset. 
The  measurements  at  the  different  offset  angles 
In  the  Y-axis  direction  are  compared  In  Figure 
4-89  and  should  be  compared  also  with  the  no¬ 
dome  measurements  taken  along  the  same  line 
(Figure  4-88).  The  measurements  In  the  X-axls 
direction  were  again  essentially  the  same  as 
those  shown  In  Figure  4-89. 


For  the  radome- mounted  measurements  at  all 
offset  anglesthere  was  a  large  and  very  definite 
phase  retardation  andamplitude  reduction  lnthe 
region  near  the  nose.  I*,  can  be  seen  tliat  as  the 
radome  Is  offset  the  phase  retardation  and  ampli¬ 
tude  reduction  accompany  the  position  of  the 

nOaCi  Au  w  ITtuttCr  Oa  fOCt,  taiG  mtutmu  OCCU?  Oil 

the  line  of  the  radome  axis.  The  broken  ver¬ 
tical  line  in  Figure  4-89  denotes  the  intersection 
of  the  radome  axlswlththellneof  measurements 
at  an  offset  angle  of  -5°.  In  the  curves  measured 
with  the  radome  offset  at  -20°,  no  sharp  minima 
are  noticeable,  since  the  nose  of  the  radome  Is 
out  of  the  range  of  the  line  of  measurements. 
What  —  important,  however,  Is  that  the  phase 
and  amplitude  curves  at  this  offset  angle  compare 
very  favorably  with  the  no-dome  curves  of  Fig¬ 
ure  4-88.  Even  such  small  differences  In  am¬ 
plitude  and  phase  as  exist  between  the  -20°  off¬ 
set  curves  and  the  no-dome  curves,  however, 
are  known  to  give  rise  to  appreciable  boreslght 
errors,  but  it  is  apparent  that  the  compara¬ 
tively  very  largeperturbatlonsofthefleld  caused 
by  the  radome  nose  are  of  primary  significance. 


pi  tun  4-94.  Ha-Dam*  Cana XX  Phan  Cantaur  Map  In  X-2  Plan*  al  Antannc  H*at-U*U  (Y*  01 
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Effect  of  Compensating  Devices  on  Near-Held 
Distribution.  An  additional  series  of  measure¬ 
ments  was  made  to  see  what  effect  compensat¬ 
ing  devices  had  on  near-fleld  distribution.  Thin 
dielectric  rings  and  a  nose  cone  were  used 
since  these  devices  have  been  successful  in  com¬ 
pensating  radome  errors  (see  paragraph  4-56). 
Preliminary  to  near-fleld  measurements,  error 
curves  were  taken  of  the  antenna  and  radome, 
alone  and  of  the  antenna  and  radome  In  various 
combinations  with  rings  and  nose  cone.  Cross¬ 
talk  errors  were  found  to  be  negligible  for  the 
polarization  used  (linear  and  perpendicular  to 
the  offset  plane),  but  steep  ln-plane  errors 
were  noticeable.  The  compensating  rings  re¬ 
versed  the  sign  of  the  errors  and  reduced  the 
total  magnitude  when  the  polarization  was  per¬ 
pendicular  to  the  plane  of  offset;  when  the  polar¬ 
ization  was  parallel  to  the  plane  of  offset,  no 
reversal  of  sign  occurred  but  the  total  magni¬ 
tude  of  the  errors  was  again  reduced.  The  change 
In  the  error  curves  which  appeared  when  the 
compensating  rings  were  Inserted  Into  the  ra¬ 
dome  has  been  found  to  depend  on  the  ring  con¬ 
figuration  only  (for  thin  rings);  In  other  words, 


this  change  In  error  could  be  effected  on  any 
set  of  obstacles  merely  by  the  addition  jjf  the 
same  ring  configuration  to  the  obstacles. 

Measurements  similarto  those  plotted  In  Fig¬ 
ures  4-88  and  4-89  were  made  of  the  near-fleld  i 

distribution  of  the  antenna  and  radome  with  com¬ 
pensating  rings  and  with  rings  and  a  nose  cone. 

As  before,  scans  were  taken  along  the  Y-  and 
X-axes  at  the  point  of  maximum  perturbation  on 
the  Z-axis,  The  radome  was  offset  at  the  same 
angles  as  used  for  the  no-dome  antenna  and  the 
antenna-radome  measurements.  Results  are  i 

plotted  In  Figures  4-90  and  4-91  for  the  Y- 
scans.  It  can  be  seen  that  the  perturbation' of 
the  field  due  to  the  rings  is  Insignificant  In  com¬ 
parison  with  the  effect  of  the  radome  itself.  The 
nulls  caused  by  the  radome  nose  are  not  so 
sharp  as  they  are  on  the  curves  in  Figure  4-89 
and  are  shifted  towards  the  -Y  direction. 

An  analytical  technique  which  has  predicted 
small  perturbations  of  the  far  field  of  a  half¬ 
wave  dipole  due  to  a  compensating  ring  has  been 
developed  by  L.  L.  Philipson  (see  paragraph 
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4-5d  and  Reference  05).  It  is  hoped  that  this 
technique  can  be  applied  successfully  to  predict 
near-field  perturbations  such  as  those  shown  In 
Figures  4-00  and  4-01.  Further,  an  analytical 
technique  Is  being  developed  which  mav  accu¬ 
rately  use  known  perturbations  due  to  small 
obstacles,  such  as  the  rings,  In  predicting  re- 


sultait  radome  errors.®^  0>  particular  sig¬ 
nificance  is  the  fact  that  both  these  investiga¬ 
tions  and  other  uear-fleld  analyses  have  shown 
that  the  perturbation  field  of  compensating  rings 
may  h«  linearly,  fro ui  the  perturba¬ 

tion  field  of  the  radome  and  rings  combination 
to  yield  the  radome  perturbation  field  alone. 
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relative  power  relative  phose  (degrees) 


figure  4-90.  Neet-tleld  Distribution  at  Antenna  and  Radome 
with  Campanrating  Ring t  at  Point  at  Maximum  Perturbation 
(Y-  0) 


figure  4—91,  Near-lleld  Dlrtributlon  ot  Antenna  and  Radame 
with  Compensating  Rlngr  and  Nora  Cone  at  Point  al 
Maximum  Perturbation  (X  ~  0) 
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Chapter  5 


BROADBAND  RADOME  DESIGN 


5-1.  Bandwidth  Requirements  kilnmegacydes  up  to  40  kllomegacycles,  since 

a  radome  construction  that  will  work  satlsfac- 
In  the  design  of  search,  navigation,  and  gun-  torlly  in  this  band  will  probably  also  work  Bat- 

laying  radar  housings,  normal  conditions  re-  lbfactorlly  from  4  kllomegacycles  down.  Other 

quire  that  good  performance  be  provided  by  the  ECM  systems  have  less  stringent  requlre- 

radome  over  a  relatively  narrow  band  of  fre-  ments,  perhaps  a  6:1  frequency  band  or  less, 

quencles,  usually  centered  about  a  nominal  op-  A  typical  boresight  radome  requires  a  barri¬ 
ers  ting  frequency.  width  of  about  ±500  megacycles. 


For  example,  a  typical  armament  system  may 
include  a  radar  set  operating  at  9.2  kilomega- 
cycles  with  an  upper  range  of  9.5  and  a  lower 
range  of  8.9  kllomegacycles.  Operating  hand 
width,  then,  is  about  6.5  percent  for  the  radome 
involved. 

If  the  performance  requirements  of  the  system 
are  not  too  stringent,  conventional  approaches 
to  the  design  problem  will  usually  yield  a  radome 
that  meets  specification  requirements.  De¬ 
pending  upon  size  and  structural  limitations,  a 
thin-wall,  half-wave,  or  "A"  sandwich  will  sat¬ 
isfy  the  needs  of  the  system. 

Performance  of  such  configurations  Is  shown 
extensively  In  curves  published  by  Naval  Air 
Material  Centerl  and  at  the  Naval  Air  Develop¬ 
ment  Center  at  Johnsville,  Pa.®  The  former 
are  based  upon  lossless  materials,  but  have 
been  adequate  for  simple  shapes  and  low  angles 
of  incidence  generally  encountered  In  Type  I 
general-purpose  radomes.  (See  Chapters  2,  3, 
4  and  13.) 

In  contrast  with  the  narrow-band  applications 
discussed  above,  an  electronic  countermeasures 
(ECM)  specification  calls  for  satisfactory  sys¬ 
tem  performance  ever  the  band  from  1  to  40 
kllomegacycles.  In  terms  of  radome  require¬ 
ments  for  such  a  system,  the  designer's  chief 
problem  is  to  cover  the  10:1  band  from  about  4 


The  purpose  of  ECM  Ferret  equipment  is  to 
determine  various  properties  of  an  enemy  ra¬ 
dar  or  communications  system.  These  may 
include  frequency,  location,  and  pulse  charac¬ 
teristics,  such  as  pulse  repetition  frequency, 
pulse  width,  etc.  Having  established  these 
properties  of  an  enemy  radar,  the  system  may 
be  required  to  bet  Jamming  equipment  and  to 
release  chaff.  Such  ECM  equipment  includes 
various  types  of  antennas  designed  to  receive 
radiation  over  wide  ranges  of  frequencies  and 
almost  all  angles  of  incidence  and polarizations. 

One  of  the  many  types  of  ECM  Ferret  antenna 
systems  is  illustrated  In  (a)  of  Figure  5-1. 
This  could  be  a  nose  radom  a  Installation  on  a 
reconnaissance  airplane.  Tim  letters  a,  b,  c, 
d,  e,  and  f  represent  sets  of  receiving  horns, 
shown  In  (b)  of  Figure  5-1,  which  cover  the 
frequency  spectrum  under  Investigation.  In 
this  case,  the  horns  may  also  be  mounted  in  the 
belly  or  in  the  wlngtips  of  the  aircraft. 

If  a  source  of  electromagnetic  energy  is  radi¬ 
ating  from  point  t,  the  signal  received  by  b  will 
be  greater  than  that  received  by  c.  By  com¬ 
paring  the  Intensity  in  b  and  c,  the  system  gives 
a  good  approximation  to  the  bearing  of  the  hos¬ 
tile  signal. 

To  the  radome  designer,  the  most  important 
desired  factor  in  the  radome  performance  with 
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such  a  system  Is  absolute  uniformity  of  trans¬ 
mission  efficiency  as  a  function  of  Incidence 
angle  and  frequency.  Variations  In  transmis¬ 
sion  of  power  to  any  components  of  the  receiv¬ 
ing  system  amount  to  distortions  of  the  elec¬ 
tromagnetic  field  which  would,  in  effect,  give 
false  target-bearing  Information. 

5-2.  Solid-Wall  Radome 

Except  for  systems  with  extremely  broad 
bandwidth  requirements,  the  simplest  electri¬ 
cal  solution  to  the  radome  problem  Is  the  thtn- 
wall  configuration.  By  general  acceptance,  this 
construction  is  defined  as  a  homogeneous  wall 
whose  thickness  Is  of  the  order  of  one  twentieth 
wavelength  (18°)  or  less  in  the  dielectric. 

At  X-band  frequencies  the  physical  thickness 
and  strength  of  such  a  radome  are  such  that  It 
Is  doubtful  that  the  thin  wall  can  be  used  for 
airborne  applications.  Figures  S-2  through 
5-10  Illustrate  the  performance  of  several  thln- 


wall  configurations  at  various  frequencies.  It 
will  be  seen  that  increasing  frequency  usually 
reduces  the  efficiency  of  power  transmission 

for  a  crlvon  moJl  (hickr.CS". 

The  family  of  curves  in  Figure  5-2  is  a  sim¬ 
ple  illustration  of  thin- wall  performance.  At  a 
thickness  of  0.012  inch,  the  reflection  coeffi¬ 
cient  of  the  wall  increases  continuously  from 
the  lowest  to  the  highest  frequency  shown,  with 
a  resultant  drop  in  transmission  efficiency. 
The  same  trend  exists  in  Figures  5-3  and  5-4. 
Beginning  with  Figure  5-5,  however,  where 
curves  for  an  0.048-inch  wall  are  shown,  it  will 
be  seen  that  the  performance  does  not  continue 
to  drop  with  increasing  frequency.  Aa  wall 
thickness  Increases,  the  characteristics  of 
half-wave  performance  begin  to  appear.  These 
are  progressively  apparent  In  Figures  5-6  and 
5-7.  In  Figure  5-8,  for  instance,  efficiency  of 
almost  90  percent  is  attained  at  normal  Inci¬ 
dence  for  35  kllomegacycles. 

Figures  5-11  through  5-19  are,  In  essence, 
crossplots  of  the  first  set,  relating  efficiency 
to  frequency.  These  curves  have  been  illus¬ 
trated  to  13  kllomegacycles,  but  further  data, 
if  required,  may  be  selected  from  Figures  5-2 
through  5-10. 

5-3.  Sandwiches  ("A,"  "B,"  and  "C") 

Response  curves  for  "A"  sandwiches  will  be 
seen  In  Figures  5-20  through  5-31.  Again  In 
these  curves,  the  sensitivity  to  change  in  fre¬ 
quency  and/or  incidence  angle  is  apparent. 
Serious  degradation  of  performance  Is  evident 
at  angles  from  60°  upward.  The  curves  pre¬ 
sented  herein  are  plotted  from  tabulated  data. 
Information  required  for  any  specific  problem 
should  be  checked  by  computation  using  stand¬ 
ard  procedures. 

The  "C"  sandwich  Is  a  five-layer  wall,  con¬ 
sisting  essentially  o' two  contiguous  "A"  sand¬ 
wiches.  Its  frequency  sensitivity  Is  somewhat 
less  than  that  of  the  "A"  sandwich,  so  that  it  is 
effective  where  reasonably  Increased  band¬ 
width  is  required, 

The  McMillan  report3  prefers  to  treat 
radome  walls  from  the  standpoint  of  reflected 
power.  In  discussing  the  relative  merits  of 
various  wall  configurations  with  respect  to 
broad -banding,  Webber's  chapter  of  the  report3 
says  essentially  that  the  "A"  sandwich  lias 
slightly  lower  reflections  throughout  a  broad 
frequency  range  than  the  half-wave  wall.  Fig¬ 
ure  5-32  represents  the  reflected  power  from 
three  such  sandwiches  at  normal  Incidence.  It 
shows  that  the  reflection  Is  less  than  10  per- 
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cent  up  to  about  16  kilomegacycles  for  a  0. 200- 
inc.h  core.  As  the  core  thickness  Increases, 
the  broadness  of  range  below  10  percent  re¬ 
flection  Is  considerably  reduced.  Other  lllus- 

traHnno  ahnvi  tKr»f  n  1  n  flflO  i"Ci-vI*CC  the 

range  has  been  reduced  from  the  1-  to  16-  kilo- 
megacycle  shown  In  Figure  6-32  to  only  1-  to  4- 
kilomegacycle  for  reflections  under  10  percent. 

The  three-layer  conventional  "B"  sandwich 
consists  of  two  skins  and  a  core  of  dielectric 
media,  with  the  core  having  a  higher  dielectric 
constant  than  the  skins,  usually  equal  to  or 
greater  than  the  square  of  the  dielectric  con¬ 
stant  of  the  skins.  Reflections  were  computed 
for  sandwiches  with  three  cores  of  different  di- 
olectrlc  constants  and  loss  tangents. 

In  Figure  5-33,  the  skins  are  too  thin  for  an 
electrically  efficient  "B"  sandwich  in  the  X-  or 
K-band  range,  but  the  design  Improves  the 
bandwidth  between  65  and  75  kilomegacycles. 
One  may  see  from  Figure  5-34  that  the  thicker 
"B"  sandwich  has  less  than  10  percent  reflec¬ 
tion  in  the  13-  to  20-kUomegacycle  range  and 
less  than  15  percent  in  the  12-  to  24-kilomega- 
cycle  range.  Figure  5-35  shows  that  the  use  of 
a  stUl  thicker  skin  provides  a  method  of  broad¬ 
ening  bandwidth  at  still  lower  frequencies. 
Here,  the  reflection  is  under  15  percent  from 
about  6  to  13  kilomegacycles.  By  proper  se¬ 
lection  of  parameters,  the  3-layer  "B"  sand¬ 
wich  may  be  made  to  increase  bandwidth  at  any 
discrete  frequency  in  the  range,  but  like  the 
"A"  sandwich,  it  can  only  do  this  to  a  limited 
extent.  As  the  skins  of  the  "A"  sandwich  ap¬ 
proach  a  quarter  wavelength  in  thickness,  it 
becomes  considerably  less  broadbanded  than 
the  "B"  sandwich.  Consequently,  the  latter 
proves  to  be  better  suited  than  the  former  to 
the  construction  of  mechanically  adequate 
radomes  for  the  higher  frequencies. 

5-4.  MultUayer  Sandwiches 

As  of  the  date  of  publication  of  this  handbook, 
much  work  is  being  done  toward  the  develop¬ 
ment  of  radome  configurations  that  will  provide 
the  necessary  uniformity  of  transmission  effi¬ 
ciency  over  the  ranges  of  frequency  and  inci¬ 
dence  angle  required.  For  the  particular  ECM 
system  shown  in  (a)  of  Figure  5-1,  a  multi¬ 
layer*  construction  appears  to  be  the  most 
promising  solution  suggested  to  date.  This  de¬ 
sign,  and  the  methods  Involved,  will  be  dis¬ 
cussed  in  the  following  paragraphs.  However, 


♦The  multilayer  design  was  developed  by  Ml- 
cronlcs,  Inc.,  of  Gardena,  California, andpatent 
applications  have  been  made. 


as  noted  previously,  all  ECM  and  broadband 
requirements  are  not  as  stringent  as  the  sys¬ 
tem  of  (a)  of  Figure  5-1,  and  in  such  cases 
other  wall  designs  may  provide  a  satisfactory 

IJUIUV  iUI  i  , 

Methods  of  computing  the  transmission  of 
multiple-layer  dielectric  walls  are  discussed 
in  Sections  B  and  F  of  Chapter  2  and  in  Chap¬ 
ter  13. 

Illustrative  response  curves  are  given  in  Fig¬ 
ure  5-36  for  the  frequency  range  5  to  30  kUo¬ 
megacycles.  The  designation  "11-1072  Sand¬ 
wich"  is  an  identification  that  represents  an 
11-layer  wall  whose  skins  are  0.010  inch  (10 
mils)  thick  and  whose  cores  are  0.072  Inch 
thick.  The  six  skins  are  laminated  glass-resin 
alternating  with  five  lightweight,  equal-thickness 
cores, 

A  typical  calculated  response  curve  over  a 
wider  range  of  frequencies  is  shown  in  Figure 
5-37.  Variations  in  skin  or  core  parameters 
wlU  shift  the  curves,  but  the  general  shapes 
will  not  be  changed  appreciably. 

Figure  5-30  Ulustrates  a  typical  example  of 
the  effects  Of  changing  core  thickness  in  an  11- 
layer  sandwich.  Here  a  portion  of  the  same 
curve  as  that  shown  In  Figure  5-37  is  repre¬ 
sented  by  the  dotted  curve  labeled  "median 
core," 

As  of  the  date  of  publication,  other  approaches 
to  the  determination  of  optimum  wall  configu¬ 
ration  are  being  studied.  One  approach,  for 
example,  Involves  the  investigation  of  quarter- 
wave  matching  transformer  theory,  with 
Tchebyschev  distribution  of  skin  and/or  core 
thicknesses. 

A  serious  consideration  Is  the  question  of 
maximum  practicable  wall  thickness.  Unless 
the  individual  skins  and  cores  are  held  to  rela¬ 
tively  small  dimensions,  the  ultimate  configu¬ 
ration  can  become  cumbersome  and  heavy. 
This  must  be  carefully  examined  in  aircraft 
design,  where  weight  Is  usually  a  prime  factor. 

5-5.  Conclusions 

For  the  designer  of  ECM  radomes,  then, 
there  are  a  number  of  practical  solutions.  The 
one  selected  will  be  dictated  by  several  gov¬ 
erning  considerations.  First  of  these  is  the 
frequency  range  in  which  the  radome  Is  ex¬ 
pected  to  perform.  In  the  spectrum  below 
about  3  kilomegacycles  almost  any  reasonable 
wall  will  give  acceptable  response.  A  solid 
wall  approximately  20  electrical  degrees  or 
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less  In  thickness  will  give  good  power  trans¬ 
mission  with  low  reflection  (under  10  percent). 
An  "A,"  "B,"  or  "C"  sandwich  will  also  be  effi- 
riont’lf  paramntnra  are  selected  With  care. 

In  the  frequency  ranges  above  S-band,  the 
bandwidth  required  will  indicate  the  probable 
choice  of  wall.  The  term  broadband  Is,  after 
all,  only  relative.  With  frequency  spread  of  1.2 
to  1,  for  Instance,  acceptable  walls  may  be  de¬ 
signed  In  the  same  configurations  afa  mentioned 
in  the  preceding  paragraph.  For  2  to  1,  3  to  1, 
and  even  5  to  1,  there  may  be  specific  combi¬ 
nations  that  will  meet  the  requirements  of  the 
particular  system  without  going  into  multiple 
sandwiches, 

From  present  Indications,  however,  when  the 
broadband  requirements  approach  the  order  of 
10,  20,  30,  or  40  to  1,  the  practical  solution  is 
the  multiple  sandwich, 

For  complete  design  information,  the  reader 
is  referred  to  the  work  of  McMillan  and  Red- 
heffer  and  to  reports  submitted  by  Micronics 
Division,  Zenith  Plastics  Company,  under 
WA1)C  Contract  AF33(616)-3497.  The  conclu¬ 
sions  In  the  McMillan  final  report^  indicate 
that; 


Feasible  "A"  sandwiches  can  be  designed  for 
continuous  speclrum  performance  at  0°-40°  In¬ 
cidence  up  to  Ku  or  at  00-60°  up  to  C  band. 

Better  electrical  performance  can  be  obtained 
up  to  Ky  with  the  "C",  7-layer  sandwiches  or 
higher  order  multilayer  sandwiches,  (t<>  the 
extent  that  we  know  the  latter)  but  at  that  point 
mechanical  usefulness  becomes  limited. 

At  the  higher  frequencies  the  3-layer  "B" 
sandwich  Is  mechanically  adequate  and  can  be 
designed  to  give  greater  bandwidth  in  a  single 
band,  for  example,  16,500  ±3,500  megacycles. 

The  present  state  of  the  art,  as  published, 
does  not  appear  to  disclose  Inductive,  capac¬ 
itive,  or  magnetic  loaded  walls  which  will  pro¬ 
vide  a  continuous  low  reflection  spectrum  to  75 
kllomegacycles. 

Here  again,  the  conclusions  are  based  upon 
the  definition  of  bandwidth  as  lar  as  broadband 
radomes  are  concerned.  The  example  of 
16,500  ±3,500  megacycles  is  a  little  greater 
than  1.5  to  1,  and  conventional  walls  are  ac¬ 
ceptable  In  that  range.  For  many  ECM  appli¬ 
cations,  other  configurations  must  be  examined. 
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Figaro  5- 2 .  Cffect  of  frequency  on  Trantmltolon  efficiency,  Solid-Wall  Rojonto,  Wall  Thlchnott  0.012  In. 
(c  -  4,  Ton  5  =0,014,  Parpondlcular  Polarisation) 


24 1 


(power  transmission  coefficient) 


(powtr  transmission  coefficient) 


[power  transmission  coefficient} 


(power  transmission  coefficient) 


$  (angle  of  Incidence,  degrees) 


Figur*  S-6.  Elhct  ol  Froquoncy  on  Tranamlsalon  EHicfthcy,  Solid-Hall  Rodomo,  Wall  Thlcknnat  0,060  In, 
(€  ~4t  Tm  $  -0.014,  Porpondlcvlor  Polotltotlon) 
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Rodema  Transmission  Efficiency,  Waif  Thickness  Q.012  In.  (e  =  4,  Tan  i  -  0.014 ,  Perpendicular  Prtorixation) 
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F,?w*  5~n-  MH-W.ll  RaJom.  Tnmmissw.  £fto«rcr,  ffa/J  TJudb.w  0.024  Im.  (e  =  4,  Tan  S  =  0.014,  Parpwtfca/ar  Paforii*™.) 


Figvn  5—1 4.  Solid— Waft  Rod cm*  TranSMissma  Efficiency,  Waft  Thickness:  0.048  in.  ft  -  4,  Tor  l  -  0.014,  Perpendicular  Polarization) 
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Fi,«  5-18.  «HW  M.  Efftdncr.  w.„  rwc*~„  u»  f.  =  *  r-  *  =o.«* 
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F igure  5—2?.  Sowfwicf)  RoJom  Transmission  Efficiency,  Skin  Thickness  0JD24  in..  Con  Thickness  0.300  In. 


£ 

& 


% 

z 


(|U*j3fJJI03  U0|St|WtU0i4  g  1 


262 


Figvn  5-23.  Staff*  Sandwich  Rodomw  Transmission  Etticiaocy,  Skin  Thicknass  0,024  fa.,  Can  Thick  rtass  0.400  fa. 
( es  =4,  ec=I.2t  Tan  Ss= 0.014,  Ton  Sc- 0.004,  Parpandicutar  Polarization) 
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Wwfc  Rodom r  Tmntmisn on  EHicnncy.  Skin  Thickets  0,036  In.,  Con  Thick**** 

^  fc'  ^on  5^-0.074,  Tan  ^.  =  0.004,  Pmrpmndicular  Polarization) 


\ 


Smdwick  Rad ama  Tnmxmitsiom  Ettici—cj.  Skin  Thidu—s  OJUS  hu.  C«*  Thick****  0250  hu 
^c'^«  Tm  BS=0M14,  Tan  dc -0.004,  Parpandicniar  Polarization) 
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FifWtt  54!.  SfayJt  Smtdmick  IMim  TrtuiMiiMa  fffkmcr.  Skim  Tkickamss  0.04$  k,  Com  TUcbtsi  0-400  k 

(^=4,  Too  Too  2^=0.004,  fVrpw«/ic«far  Polmrixathom) 


12  4  6  a  10  12  14  16  IS  20  22  2- 

frequency  (Kmc) 

Pljur#  S- J2.  Power  Rol  Italian  Inn  Normal  fnefc/ence  “A”  Sandwich  (Shin  T/i/cinen  0.020  )»,, 

«,=4.2,  Ten  8,  =0.014,  <*  =  1.2,  Ten  1^=0.00492) 


P/fore  W).  Power  RtllotHon  free)  Norm  I  Incidence  "B"  Sandwich  (Skin  Tkltkmot  0.020  fe„ 
=4.2,  Too  «, =0,014,  ^  =19.04,  Toe  Se=0,0J) 
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Figure  5-34.  Power  Reflection  from  Harm  at  Incidence  3  Sandwich  (Skin  Thlckneen  0.100  In., 
c;  ■  4J,  Ten  h,  ■  0.014;  -  17.64,  Ten  Se  •  0.0215) 


Figure  5-35.  Power  Reflection  from  Normal  Incidence  8  Sandwich  (Skin  Thlckneee  0J00  In., 
e;-  4J,  Ten  S,  -  0.014;  -  17.64,  Tan  Se  •  0.015) 
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Figure  5 -26.  Trantmlttlan  of  J  1- Layer  Wali  Radomt  with  Skint  0.010  In.  Thick  ond  Cora  0.07k  In.  Thick 
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Flgvra  5—37.  Tranaailaalon  a I  11  — Layer  Sandwich  Venus  Frequency  (Any la  of  Incidence  50°, 
Perpendicular  Pol  or  Is  of  Ion) 
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Fffim  5-18.  Cffaet  of  Cara  Thickness  an  Transmission  of  1 1 -Layer  Sandwich  (Angle  of  fncldance  50s. 
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SYMBOLS 

Area,  square  inches 

K 

Gravity 

Acceleration,  feet  per  second 

g 

Acceleration  of  gravity,  feet 

per  second 

per  second  per  second 

Half  thickness,  feet 

h 

Heat  transfer  coefficient 

Outer  radius  of  sphere,  Inches 

h 

Sandwich  shear  thickness, 

Radius  of  outside  face 

inches 

Inner  radius  of  sphere,  inches 

I 

Moment  cf  inertia  of  the  wall 

per  inch  of  length  of  the  cylinder 

Radius  of  inside  face 

J 

Mechanical  equivalent  of  heat 

Specific  heat,  Btu  per 

(778  foot-pounds  per  Btu) 

pound,  °F 

k 

Thermal  conductivity,  Btu  per 

Specific  heat  in  Btu  per 

square  foot  -second  -  °Fper  foot 

slug,  OF 

L 

Length,  Inches 

Prandtl  number 

L 

l  oud  due  to  acceleration,  pounds 

Element  of  thickness 

M 

Mach  number 

Young’s  Modulus,  pounds  per 

m 

mass,  sluas 

square  inch  ” 

Base  of  natural  logarithms 

P 

Load,  pounds 

Modulus  of  elasticity  of  the 

P 

Pressure,  pounds  per  square 

face  material 

Kinetic  energy,  foot  pounds 

PCR 

Calculated  buckling  pressure, 
pounds  per  square  Inch 

Force,  pounds 

_  i 

Young’s  Modulus,  radome, 

PCR 

Corrected  buckling  pressure, 

pounds  per  square  inch 

pounda  per  square  inch 

Young's  Modulus,  structure 

Q 

Quantity  of  heat,  Btu 

pounds  per  square  Inch 

q 

Dynamic  pressure,  pounds  per 

Stress  In  radome,  pounds 

square  foot 

per  square  inch 

r 

Average  radius 

Stress  in  structure,  pounds 

per  square  inch 

r 

Distance  from  the  center,  inches 

Shear  modulus 

r 

Radius  of  the  sphere,  inch 

Shear  modulus  in  t$  plane 

r 

Recovery  factor 

A 


i 


J 


I 
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INDEX  OF  SYMBOLS  (cont) 


*•« 

Recovery  factor  for  turbulent 

X 

DiflttincA  normal  to 

»4UW 

faet 

rp 

Recovery  factor  for  laminar 
flow 

y 

Distance  from  center  to 

element,  inches 

S-N 

curves  Stress  to  number  of  cycles 
to  failure 

a 

Coefficient  of  thermal  expansion, 

dimensionless 

T 

Temperature,  °F 

fi 

Nondimensional  heat  transfer 

T 

Temperature  rise  at  element,  °F 

parameter 

T' 

Temperature  of  body,  °Rankine 

AP 

Indicates  increase  in  pressure 
above  ambient  pressure 

Tb 

Boundary  layer  temperature,  °F 

AT 

Change  in  temperature,  °F 

Ti 

Temperature  of  the  inner  surface 

t 

Constant,  1.63 

To 

Change  of  temperature  of  the 
surrounding  medium 

Ss 

Elongation  due  to  stress,  inches 

Ts 

Stagnation  temperature,  °F 

S  x 

Elongation  due  to  temperature 
change,  Inches 

Tx 

Temperature  in  sldn  at  depth 
x,  °F 

9 

Nondimensional  time  parameter 

Ti 

Stagnation  temperature,  °Rankine 

M 

Absolute  viscosity  of  air,  Blug 
per  foot-second 

Tl 

Ambient  temperature,  °F 

Poisson's  ratio 

TJ 

Ambient  temperature,  °Rankine 

Poisson’s  ratio  for  the  face 

t 

Thickness,  inches 

material 

t 

Thickness  of  panel 

/> 

Density  of  material,  pounds 

per  cubic  foot 

t 

Time,  seconds 

Density  of  radome  wall 

‘e 

Solid  wall  thickness, 

material 

equivalent 

tr 

Stress,  pounds  per  square 

V 

Airspeed,  miles  per  hour 

inch 

V 

Airspeed,  feet  per  second 

aCR 

Critical  buckling  stress 

V 

Velocity,  feet  per  second 

aR 

Stress  in  radial  direction,  pounds 

per  square  inch 

W 

Weight  of  item,  pounds 

aT 

Stress  in  tangential  direction, 

pounds  per  square  inch 
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Chapter  6 


RADOME  STRUCTURAL  AND 
ENVIRONMENTAL  DESIGN  AND  TESTING 


SECTION  A.  STRUCTURAL  DESIGN  CRITERIA 


6-1.  Introduction 


Many  radomes  installed  on  aircraft  must  be 
considered  as  primary  structures  whose 
failure  would  endanger  or  cause  loss  of  the  air¬ 
craft.  These  radomes  may  be  of  various  con¬ 
figurations,  may  carry  cabin  pressure  or  air¬ 
frame  loads,  or  may  perform  other  vital  func¬ 
tions,  The  loads  or  conditions  that  affect  the 
strength  of  the  radome  are  discussed  on  the 
following  pages. 

6-2.  Aerodynamic  Loads 

Aerodynamic  loads  are  usually  the  most  crit¬ 
ical  of  those  Imposed  on  a  radome.  The  load¬ 
ing  may  be  a  function  of  several  conditions,  the 
moot  important  being  airspeed,  aircraft  atti¬ 
tude,  radome  shape,  and  the  location  of  the 
radome  on  the  aircraft. 

The  determination  of  the  air  pressure  and 
its  distribution  over  the  surface  of  the  radome 
is  the  responsibility  of  the  aerodynamics  en¬ 
gineer.  The  knowledge  required  and  the 
methods  employed  are  beyond  the  scope  of  this 
work.  However,  certain  fundamentals  may  bo 
presented. 

Figure  6-1  shows  an  example  of  a  typical 
pressure  distribution  over  the  surface  of  an 
elliptical  radome  on  the  nose  of  a  fuselage. 
The  stagnation  point  is  the  theoretical  location 
of  the  dividing  point  of  the  alrstream.  At  this 
point  the  air  velocity  with  respect  to  the  air¬ 
craft  is  assumed  to  be  reduced  to  zero,  thereby 
converting  its  dynamic  energy  to  static  pres¬ 
sure.  This  pressure  may  be  calculated  from 
the  relation. 


where  q  =  dynamic  pressure,  pounds  per 
square  foot 

V  =  airspeed,  miles  per  hour 

The  pressure  at  other  points  on  the  surface 
of  the  radome  is  usually  expressed  in  terms 
of  the  relation  Ap/q,  whore  ap  indicates  the 
increase  in  pressure  above  the  ambient  pres¬ 
sure.  The  value  of  A  p/q  may  be  presented 
either  as  a  scute  drawing,  as  Indicated  by 
Figure  6-1A,  or  by  curves,  as  indicated  in 
Figure  6-  IB.  Note  that  at  the  stagnation  point 
the  stagnation  pressure  has  a  value  of  Ap/q  = 
1.0. 


The  radome  shown  in  Figure  6-1  is  of  a  shape 
satisfactory  for  subsonic  aircraft.  At  higher 
speeds  the  radome  tends  to  be  more  stream¬ 
lined.  The  conic  radome  shown  in  Figure  6-2 
is  an  example  of  a  configuration  for  very  high 
speed  flight.  The  typical  aerodynamic  loading 
is  shown  in  Figure  6-3. 

If  there  is  lack  of  symmetry  caused  by  a  yaw 
or  pitch  attitude  of  the  aircraft,  or  by  a  gust, 
the  radome  will  pass  through  the  alrstream  at 
an  angle.  This  will  produce  unsymmetrlcal 
pressures  on  the  radome,  which  In  turn  will 
create  a  bending  moment  and  shear  load.  Such 
a  condition  of  unsymmetrlcal  air  loading  is 
shown  in  Figure  6-4. 
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Figure  4-1,  Prtcltirc  Dlttilkutfan  0 v»r  Surfccc  ol 
<  Sulconlt  Rodomt 


6-3.  Inertia  Loads 

Inertia  loads  are  caused  by  sudden  changes 
In  the  direction  of  motion  of  the  aircraft.  Such 
accelerations  may  be  engendered  by  acrobatic 
maneuvers,  by  landing,  braking,  or  by  encount¬ 
ering  a  gust.  Inertia  loads  may  also  be  created 
by  rotational  accelerations  of  the  aircraft  about 
any  one  of  Its  axes,  by  vibration,  or  from  many 
other  causes, 

Inertia  loads  are  measured  In  terms  of  grav¬ 
ity,  or  “g".  If  an  airplane  essays  a  3g  maneu¬ 
ver,  every  item  of  weight  will  be  tripled.  A 
radome  or  antenna  that  normally  weighs  100 
pounds  will  weigh  the  equivalent  of  300  pounds. 

Because  the  loads  produced  by  aerodynamic 
forces  are  generally  very  large  In  comparison 


Rffcr*  6-2.  Rfcccurc  Dlcflliutlon  Over  Surlecc  of  a 
Conic  Rciton# 


Figure  6-4.  Uncynnclriccl  Air  Looking  On  • 
Conic  Redone 


to  the  Inertia  loads  of  the  radome,  the  latter 
may  generally  be  neglected.  Exceptions  to  this 
general  statement  may  be  the  coses  whore  a 
large  and  heavy  boom  Is  carried  in  the  nose  of 
the  radome,  where  antennas  or  other  itemB  of 
heavy  equipment  may  be  supported  directly  by 
the  wall  of  the  radome  or  where  the  radome  Is 
constructed  at  a  very  dense  material  such  as  a 
ceramic.  In  these  cases  the  Inertia  load  due  to 
translational  acceleration  may  be  calculated  as 
follows; 

L  =  ^a-  (6-2) 

K 
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whe.'i  -  load  due  to  acceleration)  pounds 

W  =  weight  of  item,  pounds 

a  -  acceleration,  feet  per  second  per 
second 


g  =  acceleration  of  gravity,  feet  per 
second  per  second 

Radome  deflections  caused  by  inertial  loads 
may  be  critical  where  close  clearance  exists 
between  the  radome  wall  and  antenna  dish.  In 
this  case,  radome  and  dish  deflections  should 
be  analyzed  to  insure  clearance  under  maxi¬ 
mum  accelerations.  Excessive  radome  deflec¬ 
tion  is  undesirable  electrically  in  any  case  and 
may  be  a  serious  problem  with  high  fineness 
ratio  configurations  that  require  low  beam 
deflection  errors. 

6-4.  In  te rnal  Pressure 

The  location  of  a  radome  on  the  aircraft  is 
usually  determined  by  electrical  considerations. 
It  may  therefore  be  found  in  areas  where  inter¬ 
nal  pressure  must  be  carried.  In  Borne  In¬ 
stances  internal  pressure  is  required  for 
proper  operation  of  attendant  antennas.  In  both 
of  these  cases  the  pressure  will  not  only  be 
known,  but  will  be  controlled  within  very  close 
limits.  The  known  loads  on  the  radome  will 
thus  allow  an  accurate  basis  for  the  calculation 
of  stress  In  the  radome  and  in  Its  attachment 
to  the  aircraft  structure. 

It  Is  more  usual  for  a  radome  to  be  Installed 
in  an  unpressurized  area.  Here  the  designer 
and  stress  engineer  might  assume  that  the  in¬ 
ternal  pressure  Is  ambient.  ThlB  could  be  a 
very  dangerous  assumption,  particularly  If  the 
radome  has  a  shape  that  makes  it  Inappropriate 
or  weak  as  a  pressure  vessel. 

It  has  been  found  that  pressure  variations  of 
some  magnitude  may  be  created  In  radome 
cavities  by  the  opening  of  a  door,  the  lowering 
of  a  flap,  or  some  other  circumstance  that  may 
alter  the  character  of  the  air  flow.  If  the 
radome  shape  or  wall  construction  Is  such  that 
small  positive  or  negative  loads  can  produce 
critical  stresses,  than  conservative  assumptions 
of  internal  pressure  must  be  made. 

A  hemispherical  or  cylindrical  shape  Is  obvi¬ 
ously  excellent  for  carrying  internal  pressure 
If  the  material  has  good  tensile  strength.  If 
the  Internal  pressure  is  negative  the  radome 
will  be  critical  for  instability  buckling.  The 


critical  pressure  for  such  a  case  is  difficult 
to  predict  accurately.  Particularly  if  the  shape 
is  something  other  than  spherical  or  cylindri¬ 
cal,  very  high  bending  moments  may  be  devel¬ 
oped  with  very  low  differential  pressures. 

6-5.  Blast  Pressure 


The  term  "blast  pressure"  is  applied  to 
pressure  waves  from  explosions.  The  pres¬ 
sure  created  is  similar  to  that  produced  by 
aerodynamic  loading  but  is  of  short  duration, 
generally  sever,  ari3  almost  always  asymmetric 
in  application.  Blast  pressures  themselves  vary 
considerably  in  duration,  depending  on  the 
source,  and  differ  in  their  structural  effect  on 
the  radome. 

A  pressure  wave  Induced  by  the  explosion  of 
a  very  heavy  charge  may  have  a  duration  of 
several  seconds.  This  interval  of  time  is  large 
enough  to  consider  the  pressure  produced  as  a 
static  loading.  The  blast  pressure  in  this  case 
may  be  considered  to  act  in  conjunction  with 
other  static  loads  applicable  to  the  condition. 

A  pressure  wave  of  very  short  duration,  even 
though  of  high  intensity,  is  not  likely  to  produce 
a  general  instability  failure  of  a  radome.  The 
Inertia  of  the  radome  wall  itself  will  largely 
resist  any  loading  of  short  duration.  If  the 
blast  pressure  is  repeated  at  high  frequency, 
as  from  a  machine  gun,  it  Is  possible  that  a 
resonance  may  be  set  up  that  could  result  in 
failure  of  the  radome.  This  is  a  transient  con¬ 
dition  almost  impossible  to  analyze. 

The  greatest  danger  from  high-frequency 
blast  is  general  disintegration  of  the  random 
wall.  This  is  particularly  likely  for  sandwich 
walls  with  light  cores. 

6-6.  Ambient  LoadB  in  Adjacent  Structures 

The  electrical  requirements  of  radomes  usu¬ 
ally  require  their  placement  on  extremities  of 
the  alrp’ane,  such  as  the  nose  or  tail  of  the 
fuselage,  the  tips  of  the  wing  or  fin,  or  sus¬ 
pended  as  an  appendage  to  some  other  portion 
of  the  aircraft.  In  all  of  these  locations  the 
structural  loads  are  comparatively  slight.  The 
very  common  type  of  radome  installation,  con¬ 
sisting  of  a  hemispherical  shaped  enclosure 
attached  to  the  belly  of  the  aircraft,  is  a  case, 
however,  where  the  radome  may  be  fitted  to  a 
heavily  loaded  structure.  Here  again,  the 
shape  is  such  that  very  little  load  can  be  trans¬ 
mitted  into  the  radome  itself.  In  all  of  these 
cases  the  stress  analysis  of  the  radome  can 
usually  proceed  under  the  assumption  that  the 
mounting  structure  is  rigid  and  undistorted, 
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and  that  no  structural  loads  are  transmitted 
into  the  radome. 


As  aircraft  speeds  increase  there  is  increas¬ 
ing  necessity  to  employ  more  shallow  radome 
shapes,  or  to  make  them  flush  with  the  aircraft 
contour.  When  these  radomes  are  located  at 
some  distance  from  the  extremities,  the  sur¬ 
rounding  structure  may  be  highly  stressed.  If 
the  radome  be  solidly  attached  to  the  surround¬ 
ing  members,  it  is  Inevitable  that  it  will, 
assume  some  of  their  load.  The  stresses  thus 
created  must  be  considered  in  the  design  with 
all  the  care  of  the  primary  or  direct  loads.  In 
fact,  a  radome  of  this  type  may  be  taken  as  an 
article  of  primary  structure  since  any  sudden 
[allure  would  result  in  a  3udden  shifting  of  load 
to  adjacent  mutoriui  and  could  cause  failure  of 
the  primary  structure. 


The  amount  of  stress  assumed  by  the  radome 
in  parallel  structures  of  the  type  described  will 
be  proportional  to  the  rigidity  of  the  two  ma¬ 
terials,  Since  rigidity  is  a  function  of  Young' b 
Modulus,  the  relation  is: 


f 


R  "  fS 


fcR 

ES 


(6-3) 


where  fR  =  stress  in  radome,  pounds  per 
squure  inch 

f  -  stress  in  structure,  pounds  per 
b  square  Inch 

Ep  Young’s  Modulus,  radome,  pounds 
per  square  inch 


Eg  k  Young's  Modulus,  structure, 
pounds  per  square  Inch 


6-7.  Thermal  Shock 

Thermal  shock  is  the  term  applied  to  the  con¬ 
dition  in  which  large  temperature  gradients  are 
Induced  in  a  structure.  These  gradients  pro¬ 
duce  differential  expansion  which,  In  turn,  pro¬ 
duces  stresses  In  the  material.  Those  are 
termed  ihermal  stresses,  Some  of  the  factors 
that  influence  the  amount  of  stress  that  may  he 
created  in  the  wall  of  a  radome  by  thermal 
shock  are  listed  and  described  below, 

a.  Temperature  distribution.  The  rate  of  flow 
heat  is  a  function  of  the  applied  temperature 
with  respect  to  the  temperature  of  the  part 
under  consideration. 

b.  Heat  transfer ..  coefficient.  The  rate  of 
flow  of  heat  between  the  surrounding  medium 
and  the  part  Is  also  a  function  of  the  heat  trans¬ 
fer  coefficient.  The  heat  transfer  coefficient  is 
defined  as  the  amount  of  heat  that  can  be  trans¬ 
ferred  in  unit  time  between  tlr?  surrounding 
medium  and  a  unit  area  of  the  part  for  each  unit 
of  temperature  difference. 

c.  Thermal  conductivity.  The  rate  of  heat 
transfer  into  the  part  aTid  the  thermal  gradients 
within  the  part  are  largely  controlled  by  the 
thermal  conductivity  of  the  material,  or  mater¬ 
ials  If  the  purt  Is  a  sandwich  structure. 

<1.  Thickness  of^the  part.  The  thickness  of  the 
part  affects  "the  temperature  gradients  within 
the  purt,  and  therefore  the  thermal  stresses  that 
are  developed. 

e,  Emtsslvlty .  The  loss  of  heat  due  to  radiation 
Is  a  function  of  the  emlssivlty  of  the  material. 

f,  Time  of  exposure.  The  duration  ofexpoBure 
determines  the  degree  of  heat  penetration  and, 
with  other  factors,  determines  the  temperature 
gradients  and  stresses  In  the  material, 


As  an.  example  of  the  severity  of  the  loads 
that  can  be  Imposed,  a  stress  of  10,000  pounds 
per  square  Inch  will  be  Imposed  on  a  glass- re¬ 
inforced  plastic  radome  If  it  Is  attached  to  an 
aluminum  structure  carrying  a  stress  of  40,000 
pounds  per  square  inch.  In  this  case  Young's 
Modulus  of  the  plastic  was  assumed  to  be  2.5 
million  and  that  of  the  aluminum  to  be  10 
million. 

In  addition  to  the  direct  axial  loads,  tension, 
and  compression,  the  radome  may  be  forced  to 
pick  up  all  of  the  shear  flow  In  its  local  area. 
In  this  case  the  load  may  not  be  proportional  to 
rigidity. 


The  combined  effect  of  these  many  factors  Is 
frequently  complex  and  not  always  analytically 
determinable.  If  a  material  had  an  infinitely 
high  thermal  conductivity,  so  that  it  could  Instant¬ 
ly  assume  a  uniform  temperature  consistent  with 
any  change  of  temperature  of  the  surrounding 
medium,  then  there  could  be  no  thermal  stress 
generated  in  the  part.  (Tills  is  not  true  for  a 
sandwich  using  two  materials  having  different 
coefficients  of  thermal  expansion.)  This  might 
lead  to  the  general  conclusion  that  a  high 
thermal  conductivity  is  always  helpful  In  elim¬ 
inating  failure  from  thermal  stress.  This 
assumption,  however,  is  entirely  Incorrect  for 
the  case  of  a  material  with  a  low  tensile 
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strength  when  subjected  to  a  very  high  temper¬ 
ature  for  a  short  period  of  time,  With  low 
thermal  conductivity  only  the  outermost  fibers 
become  heated  and,  when  expanded,  require 
only  low  Internal  tensile  stresses  for  equill- 

w*  liim ^  Tt  n* n ••I'i  I  U*>#l  CCT1“ 

ductlvity.a  greater  amount  of  the  outside  fibers 
would  become  heated,  and  would  require  higher 
internal  tensile  stresses  for  equilibrium.  An 
excellent  discussion  of  the  phenomena  of  heat 
transfer  and  thermal  stresses  is  given  in  Ref¬ 
erence  1. 


Thermal  shock  may  be  imposed  on  an  air¬ 
craft  structure  from  many  sources,  e.g,,  the 
engines  or  other  propulsion  units,  devices  to 
assist  in  takeoff,  or  proximity  to  an  explosion 
of  great  Intensity.  The  most  usual  case,  how¬ 
ever,  will  be  that  of  the  aircraft  traveling  for 
short  periods  of  time  at  velocities  sufficient  to 
generate  a  great  amount  of  heat  through  fric¬ 
tion  with  the  atmosphere.  The  temperature 
rise  associated  with  this  type  of  heating  is 
termed  “aerodynamic  heating". 


The  determination  of  the  thermal  effect  due 
to  engines  or  propulsion  units  is  too  broad  a 
subject  to  be  considered  here.  The  multitude 
of  variables  In  power  plant  Installations  with 
respect  to  radomes  precludes  any  possibility 
of  adequate  discussion.  In  addition,  the  design 
criteria  related  to  the  thermal  effects  of  high- 
intenstty  explosions  cannot  be  discussed  for 
several  reasons.  Therefore,  only  the  design 
criteria  for  aerodynamic  heating  will  be  con¬ 
sidered. 


The  source  of  the  heat  that  produces  the 
temperature  rise  in  the  aircraft  surfaces  Is  the 
kinetic  energy  available  In  the  relative  wind- 
stream.  At  the  stagnation  point  on  the  nose  or 
leading  edge  entering  the  wlndatream,  where 
the  wlndstream  velocity  is  reduced  t.o  zero,  the 
entire  kinetic  energy  Is  assumed  to  be  con¬ 
verted  into  heat  energy.  Along  the  sides  of  the 
surface,  skin  friction  produces  a  boundary 
layer  effect,  which  results  tn  a  theoretical 
velocity  of  zero  at  the  surface.  As  the  air- 
stream  adjacent  to  the  surface  Is  moving  at 
alrstream  velocity,  it  Is  apparent  that  a  shear¬ 
ing  action  must  take  place  between  the  adjacent 
layers  of  air  as  shown  In  Figure  6-5.  Due  to 
the  viscosity  of  the  air,  a  friction  force  is 
generated,  which  produces  a  temperature  rise. 
The  air,  heated  by  these  two  phenomena  trans¬ 
fers  heut  to  the  relatively  cool  surfaces  of  the 
aircraft  until  the  temperature  rises  enough  to 
cause  loss  of  heat  from  the  body,  due  to  con¬ 


duction  and  radiation,  to  just  offset  the  input  of 
heat.  At  this  temperature,  thermal  equilibrium 
exists. 


i  OO  kC  Ul  (A.  A  V  WUW  kV>  HVt  l«t..  .4  k.  •  «  V  Uk  A  1 If, 

and  the  temperature  gradients  in  the  wall  of 
solid-wall  radomes  may  be  calculated  from  the 
following  equations. 


Stagnation  Temperature.  The  stagnation  tem- 
perafure  is  the  temperature  reached  by  the  air 
brought  to  a  complete  rest  at  the  nose  or  lead¬ 
ing  edge  of  a  surface  entering  the  wlndstream. 
The  temperature  of  the  air  may  be  calculated 
from  the  following  equation^ 

v2 

Tg  .  1/2  +  Tj  (6.4) 

JCp 


where  Ta  =  stagnation  temperature,  °F 
'  Tj  =  ambient  temperature,  °F 
v  =  airspeed,  feet  per  second 


«• 
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,1  mechanical  equivalent  of  heat 
(778  foot-pounds  per  Btu) 


r 


(6-7) 


c_  -  specific  heat  in  Btu  per  slug,  °F 
(one  slug  =  1  geepound  =  32.174 
pounds) 


Tb  ~ _T| 
Ts  -  T, 


where  r  =  recovery  factor 


The  specific  heat  of  air  is  not  a  constant  but 

varies  with  temperature.  The  value  of  cp  may  T&  =  boundary  layer  temperature,  °F 

be  taken  from  Figure  6-6,  calculated  from 
Equation  (6-5) 

Tj  =  ambient  air  temperature,  °F 

c  -  C  .055 x  10‘7T2+7.50x10"5T  +  7.717  (6-5) 

H  Tb  --  stagnation  temperature,  °F 


where  cp  =  specific  heat,  Btu  per  slug,  °F 
T  -  temperature  In  °F. 


The  stagnation  temperature  may  also  be  cal¬ 
culated  from  an  equation  presented  by  N.J. 
HoffS,  which  aosumes  that  cp  Is  Independent  of 
temperature. 


where  T  ' 

=  stagnation  temperature,  °Rankine 

(Degrees  Rankine  is  °F  plus 

460.) 

Ti 

=  ambient  temperature,  °Rankine 

M 

-  Mach  number 

The  recovery  factor  may  be  calculated  to  a 
degree  of  accuracy  suitable  for  most  practical 
application  from  the  following  equation  which 
was  derived  for  a  flat  sheet  parallel  to  the 
windstream. 


where  vp  =  recovery  factor  for  laminar  flow 

rt  =  recovery  factor  for  turbulent  flow 

c„  *  specific  heat  of  air  in  Btu  per  slug, 
V  °F 


Recovery  Factor.  The  temperature  rise  of 
the  boundary  layer  of  air  around  an  object  in 
the  airstream  is  generated  by  '.-‘ticn.  The 
layer  of  air  adjacent  to  the  surxace  is  assumed 
to  have  zero  velocity.  Subsequent  layers  away 
from  the  surface  are  moving  at  increasing 
speedu  until  (ree  airstream  velocity  is  reached. 
The  difference  in  velocity  of  the  layers  of  air 
with  respect  to  each  other  produces  friction 
among  the  molecules,  and  a  corresponding  rise 
in  temperature.  The  ratio  of  the  temperature 
rise  due  to  friction  as  compared  to  the  temper- 
atuie  rise  due  to  compression  is  called  the  re¬ 
covery  factor.  The  recovery  factor  may  be  ex- 
press<- 1  mathematically  by 


u  =  absolute  viscosity  of  air,  slug  per 
foot- second 


k  =  thermal  conductivity  of  air,  Btu 
per  square  foot- second-  °y  per 
foot 


c^  is  usually  referred  to  as  the  Prandtl  number. 

for  cp,  k,and  n  may  be  taktnfrom  Figures  6-6, 
(Values  6-7,G-b,and  Equation  (6-5).) 


The  recovery  factor  for  various  cone  angles 
and  airstream  velocities*  Is  shown  In  Figure 
S  O.  The  a*la  of  uie  cone  coincides  with  the 
direction  of  motion.  In  addition  to  the  varia¬ 
tion  with  cone  angle  and  velocity,  the  recovery 
factor  is  influenced  by  the  station  along  the  cone, 
since  the  thickness  of  the  boundary  layer  In¬ 
creases  with  distance  from  the  nose.  As  the 
thickness  of  the  boundary  layer  Increases,  less 
heat  Is  transmitted.  The  attitude  of  the  cone 
would  also  affect  the  temperature  because  of 
its  effect  on  turbulence,  but  it  Is  doubtful  that  this 
effect  can  be  evaluated  at  this  time. 


thermal  gradients  in  a  radome  wull  under  con¬ 
ditions  of  thermal  shock  is  difficult  RpfBronc» 
2  presents  both  a  simplified  method  and  a  more 
exact  method  for  use  with  solid-wall  radomes. 
The  equation  for  the  simplified  method  is  given 
here  for  convenience. 


Tx  *  Tb  -  (Tb  -  Tj)  1  -  US 


Boundary  layer  temperatures  for  various 
velocities  and  altitudes,  and  for  laminar  and 
turbulent  flow,  are  shown  in  Figure  6-10.  The 
data  presented  are  intended  to  be  indicative, 
not  precise.  It  is  doubtful  that  precise  calcula¬ 
tions  of  temperature  along  the  sides  of  a 
radome  can  be  made  at  the  present  time. 


Equilibrium  Temperature.  With  Increased 
time  of  exposure,  the  temperature  of  a  surface 
will  gradually  approach  the  temperature  of  the 
boundary  layer.  Most  of  the  difference  between 
the  two  tempe  atures  will  be  due  to  heat  lost 
through  radiation.  At  lower  speeds  and  lower 
temperatures,  the  difference  will  be  less  than 
at  higher  speeds  and  higher  temperatures. 


The  radiation  loss  of  a  black  body  Is: 


Q  »  0.481  ( |  Btu  per  sq.  ft.  -  sec.  (6- 
\ 1000  / 

where  Q  *  quantity  of  heat,  Btu  per  square 
foot-second 


where  Tx  =  temperature  in  skin  at  depth  x, 

Op. 


Tb  =  Boundary  layer  temperature,  °F 
Ti  =  ambient  temperature,  °F 
h'  =  h/k 

h  =  heat  transfer  coefficient, 

Btu  per  square  foot-of-second 
k  =  thermal  conductivity  °F  air 
B  =  constant,  1.63 

e  -  base  of  natural  logrithms,  2.71828 
x  3  distance  normal  to  surface,  feet 


a  =  diffualvlty, 


(v) 


k  ■  Thermal  conductivity  of 
radome  wall  material. 


T‘  -  Temperature  of  body,  °Rankine 


Pm  *  Density  of  radome  wall 
material. 


Since  the  temperature  loss  from  radiation  is 
proportional  to  the  fourth  power  of  the  absolute 
temperature,  it  is  only  at  high  Mach  numbers 
and  corresponding  high  temperatures  that  radi¬ 
ation  losses  are  appreciably  high. 


C  =  specific  heat  of  radome 
wall  material. 

t  =  time,  seconds 


Another  source  of  heat  loss  is  conduction  Into 
ether  portions  of  the  airframe,  such  as  the 
structural  members,  the  fuel,  and  other  items 
making  up  the  mass  of  the  structure. 

Transient  .Skin_  Temperatures .  An  exact  deter¬ 
mination  of  the  time-temperature  history  of  the 


Typical,  approximate,  computed  curves  of 
temperature  versus  time  are  given  in  Figures, 
6-11  through  6-14  as  a  function  of  h,  k,C,  and  x. 
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specific  heat.  Cp  (Stu  per 


thermal  conductivity  k  (Btu/sq  ft  -  sec-  *F/ff) x  I0'6 
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C*023  Btu/lb-*F 
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time  >0. 
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8-8.  Thermal  Strega 

Aa  diacuased  In  paragraph  8-7,  thermal  shock 
produces  stress  because  of  the  thermal  gradi¬ 
ents  within  the  walls  of  the  material.  As  the 
temperatures  within  a  homogeneous  material 
equalise,  the  thermal  stress  disappears. 

On  the  other  hand,  in  structures  composed  of 
materials  with  different  coefficients  of  thermal 
expansion,  thermal  stresses  will  still  exist, 
under  isothermal  conditions  as  a  result  of  the 
original  temperature  change.  An  example  of 
this  is  the  stress  induced  when  dissimilar  met¬ 
als  are  restrained  with  respect  to  each  other, 
and  subjected  to  a  change  of  temperature.  An¬ 
other  example  is  the  case  of  a  radome  using  a 
sandwich  construction. 

Similarly,  thermal  stresses  exist  when  the 
skins  of  a  wing  become  heated  and  expand, 
while  the  Interior  ol  the  wing  remains  re  la- 
tiveiy  cool,  to  this  case  all  of  the  factors 


exist  in  a  manner  identical  to  thermal  shock, 
except  that  the  time  Interval  is  much  longer. 

Some  at  the  factors  that  affect  the  degree  of 
thermal  stress  induced  in  a  structure  by  tem¬ 
perature  changes  are:  the  relative  tempera¬ 
tures,  the  coefficients  of  thermal  expansion, 
Young’s  Modulus,  and  the  areas  of  the  two 
materials  acting  in  mutual  restraint. 

6-9,  Thermal  Buckling 

Thermal  buckling  is  caused  by  thermal 
stress,  whether  it  results  from  temperature 
differential  or  from  the  difference  in  elonga¬ 
tion  of  dissimilar  materials.  The  term  "buck¬ 
ling"  Implies  compression  or  shear  stress. 
If  parts  of  the  aircraft  structure  are  loaded  In 
compression  or  shear,  and  if  thermal  atresses 
produce  an  Initial  bowing  or  bending,  then  the 
primary  stresses  may  become  critical,  and 
result  in  premature  failure  at  the  part.  It 
should  be  noted  that  the  buckling  of  panels  is 
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not  the  creation  of  stress,  but  rather  the  relief 
of  stress.  A  homogeneous  slab  with  unequal 
(ace  temperatures  will  bow  In  a  cures,  which 
will  completely  relieve  stress  provided  there 
is  no  restraint.  The  stress  aesuuiaUiu  with 
the  temperature  differential,  in  a  restrained 
part,  may  be  calculated  as  the  stress  produced 
in  forcing  the  bowed  bar  into  its  original 
straight  shape. 

If  the  part  under  consideration  Is  an  external 
surface,  the  smoothness  or  wavtness  require¬ 
ments  of  the  aircraft  may  be  destroyed  by 
thermal  buckling.  Buckled  or  warped  panels, 
twisted  frames,  gape,  or  protruding  edges  are 
obviously  aerodynamlcally  undesirable. 

0-10.  Impact 

The  problem  of  Impact  resistance  of  radomes 
has  received  little  attention,  and  there  are  no 
common  design  criteria  for  this  condition.  A 
simple  analysis  of  the  problem  may,  however, 
be  of  some  help. 

Impact  loads  may  be  divided  Into  four  classes: 

a.  High  velocity-low  mass  objects,  such  as 
the  Impact  of  hailstones  In  flight. 

b.  High  velocity-high  mass  objects,  such  as 
the  Impact  of  large  birds  In  flight. 

c.  Low  velocity-high  mass  objects,  such  as 
striking  a  radome  with  a  ladder  or  other  object 
while  handling  or  servicing. 

d.  Low  velocity-low  mass  objects,  such  as 
small  particles  of  gravel  driven  by  a  high  wind 
or  blast  from  another  aircraft. 

The  Naval  Air  Development  Center,  Johnsvllle, 
Pa.,  recognising  the  Importance  of  Impact  re¬ 
sistance,  developed  a  teat  method  for  sandwich 
construction,  which  consists  of  dropping  a  2- 
inch-dJameter  steel  hall  a  distance  of  89  feet 
onto  a  12-inch-square  panel  with  simple  edge 
support.  Sandwich  panels  capable  of  resisting 
this  teat  were  designed  and  constructed.  These 
panels  were  made  with  flexible  resins  and  spe¬ 
cial  core  material  (high-density  honeycomb 
dipped  la  flexible  resin).  Test  panels  patterned 
after  this  construction  demonstrated  that  this 
Impact-resistant  construction  was  somewhat 
superior  to  conventional  sandwich  constructions. 


Although  the  panelB  described  offered  more 
resistance  to  Impact  than  regular  panels,  It 
could  not  be  said  that  they  were  hall  resistant. 
The  question  of  hall  resistance  must  include  the 
factors  of  h»ii«t»*ie  size  and  aircraft  velocity ; 
and  to  the  writers  knowledge  suitable  criteria 
have  not  been  defined  for  any  aircraft. 

The  impact  of  "blrd-slxed"  objects  in  flight 
can  be  expected  to  be  accompanied  with  such  a 
high  level  of  energy  that  considerable  damage 
may  be  done.  The  amount  of  damage  that  can 
be  expected  will  depend  on  the  mass  of  the  ob¬ 
ject,  velocity,  angle  of  Impact,  and  the  strength 
and  rigidity  of  the  structure.  Solid  wall 
radomee  are  highly  Impact  resistant  due  to  the 
high  strength  andflextbllity  of  reinforced  plastic 
materials.  Sandwich  structures  are  extremely 
susceptible  to  damage  due  to  their  relatively 
weak  core  materials. 


Sandwich  structures  may  easily  be  delaminated 
by  a  single  blow,  from  handling  or  by  Impact 
with  an  object  while  In  flight.  Although  the 
delamlnatlon  may  be  email,  Its  effect  on  the 
strength  of  the  part  may  be  serious.  The  low 
peel  strength  of  the  brittle  bonds  employed  do 
not  tend  to  contain  or  limit  areas  of  failure  and 
delamlnatlon  of  unbonded  areas  will  propagate 
rapidly  when  subjected  to  vibratory  loads. 

impact  damage  from  handling  is  unlikely  In 
solid  wall  radomes  of  reinforced  plastic,  but  1b 
a  serious  problem  with  sandwich  construction. 
Every  effort  should  be  made  to  protect  the 
radome  from  damage  and  abuse.  Frequent 
Inspections  should  be  made  during  Its  service 
life  to  Insure  early  knowledge  of  failure. 

Small  Impact  leads  can  usually  be  sustained 
even  by  a  fragile  sandwich .  Impacts  of  small 
rocks  or  gravel,  or  by  a  screwdriver,  will  not 
normally  result  in  damage  unless  the  skins  are 
unusually  thin.  Rain  erosion  coating  or  rubber 
boots  are  of  considerable  aid  In  resisting  this 
kind  of  damage. 

The  use  of  heavy  wall  constructions,  boots, 
and  flexible  resins  usually  results  in  inferior 
a trength-to- weight  ratio  and  electrical  char¬ 
acteristics.  The  gain  in  impact  resistance  by 
these  methods  Is  usually  at  the  expense  of 
poorer  radome  performance. 
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SECTION  B.  FACTORS  AFFECTING  THE  STRENGTH  OF  RADOMES 


0-11.  Introduction 

The  stress  analysis  of  radomes  Is  basically 
no  different  than  that  of  any  other  stiucture. 
The  sequence  of  thought  and  solution  to  be  fol¬ 
lowed  is  identical  to  the  stress  analysis  of  any 
other  part  of  the  aircraft.  The  steps  normally 
followed  are  presented  below: 

a.  Determine  the  loads  or  conditions  that 
may  cause  or  contribute  to  failure. 

b.  Visualize  the  various  modes  o 4  failure 
that  may  take  place. 

c.  Determine  the  stresses,  or,  If  the  part  is 
critical  for  instability  buckling,  determine  the 
loading  Applicable  to  the  mode  of  failure. 

d.  Determine  the  allowable  stress,  or,  If 
checking  for  Instability,  determine  the  allow¬ 
able  load  applicable  to  the  mode  of  failure  under 
consideration. 

Although  the  basic  methods  of  stress  analysis 
for  radomes  are  like  those  for  any  other  struc¬ 
ture,  the  details  of  the  analysis  are  much  more 
difficult  because  they  are  complicated  by  many 
of  the  factors  listed  and  discussed  on  the  follow¬ 
ing  pages. 

6-12.  Shape 

Tha  general  geometry  of  radomes  places  them 
in  the  category  of  shells  or  unsymmetrical 
pressure  vessels.  Thts  is  a  configuration  cate¬ 
gory  generally  conceded  to  be  one  of  the  most 
difficult  to  analyze.  The  design  problem  Is 
further  complicated  by  the  fact  that  mOBt 
radomes  du  not  have  analytic  shapes,  such  as 
spheres,  cones,  cylinders,  or  ellipsoids.  In 
many  cases  the  shape  Is  largely  determined  by 
the  structure  to  which  the  radome  is  attached 
or  Is  forced  to  conform  to  unnatural  contours 
by  surrounding  structure.  These  shapes  usually 
are  not  mathematically  defined,  but  are  des- 
scribed  by  loft  lines  only. 

6-13.  Loading 

The  loading  on  radomes  can  be  highly  complex, 
consisting  of  aerodynamic  toads,  inertia  loads, 
internal  pressure,  blast  pressure,  primary 
structure  loads,  thermal  stresses,  vibration, 
and  impact.  These  toads  may  be  applied  sepa¬ 
rately,  or  together  in  many  different  combina¬ 
tions.  Wings,  fuselages,  surfaces,  and  gear 
usually  have  well-defined  and  simple  loading 


systems.  A  radome,  on  the  other  hand,  is 
likely  to  lave  rapidly  varying  loads  as  a  resuit 
of  positive  and  negative  pressures  over  its  sur¬ 
face.  The  very  first  phase  of  the  stress  assess¬ 
ment  may  thu3  become  impossibly  complex  and 
require  simplifying  assumptions  before  analysis 
cun  begin.  If  several  loads  are  simultaneously 
applied,  further  simplifications  must  be  made. 
It  is  apparent  that,  a  considerable  amount  of 
judgement  must  be  used  to  prevent  tbs  simpli¬ 
fications  from  becoming  either  excessively 
conservative  or  dangerously  unconservative. 

6-14.  Materials 

Reinforced  plastic  materials  used  In  radome 
construction  are  uoually  unfamiliar  to  the  stress 
analyst.  In  place  of  the  familiar  steel  and  alu¬ 
minum  alloys,  which  have  well  documented 
physical  properties  with  minimum  guaranteed 
physical  properties,  the  analyst  is  forced  to 
deal  with  an  unknown  material  having  ill -defined 
ami  probably  Inconsistent  physical  properties 
and  characteristics.  Metals,  the  materials 
familiar  to  most  designers,  are  bleBsed  with 
isotropic,  or  near-lsotropic  properties.  With 
but  few  exceptions,  reinforced  plastic  mate¬ 
rials  are  not  isotropic,  and  may  not  even  be 
orthotropic.  This  may  become  all  the  more  con¬ 
fusing  if  the  known  direction  of  the  fibers  gets 
lost  in  the  layup. 

In  metal  design,  the  stress  analyst  Is  required 
to  work  with  relatively  few  well-known  materials. 
Reinforced  plastics,  on  tne  other  hand,  may  be 
fabricated  from  any  one  o>-  a  mixture  of  many 
types  of  cloth,  using  one  of  several  resins,  and 
with  various  catalysts,  cures,  pressures,  and 
curing  time,  each  factor  being  significant  in  the 
strength  of  the  final  laminate. 

6-15.  Wall  Construction  —  General 

The  radome  wall  may  be  fabricated  ether  as 
a  solid  wall,  or  as  sandwich  wall.  Although 
solid  wall  radomes  may  be  considered  as 
conventional,  little  data  Is  available  for  analy¬ 
tical  approaches  for  shapes  normally  found  in 
radomes.  If  the  wail  construction  Is  a  sand¬ 
wich,  the  stress  analysis  is  greatly  complicated. 
Much  of  the  data  suitable  for  use  with  solid- 
wall  radomes  is  useless  or  must  be  used  with 
conservatism  when  applied  to  a  sandwich 
structure.  In  radome  construction,  the  fr.cea 
of  the  sandwich  arc  almost  invariably  made  of 
reinforced  plastic.  The  core  material,  or.  the 
other  hand,  may  be  glass-reinforced  plastic 
honeycomb,  foamed  in  place,  prefabricated 
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expanded  plastics,  fluted  core,  or  waffle  core. 
Other  core  materials  of  sundry  materials  and 
characteristics  may  also  be  employed. 

The  core  materials  enumerated  exhibit  diverse 
properties,  many  of  which  have  a  decided  effect 
on  strength,  it  is  deemed  worthwhile  to  discuss 
these  properties  in  detail,  since  knowledge  of 
their  characteristics  Is  very  necessary  in  the 
preparation  of  an  accurate  prediction  of  radome 
strength. 

0-16.  Wall  Construction  —  Honeycomb 

The  most  common  core  material  is  glass- 
cloth  reinforced  plastic  honeycomb.  This 
material  may  be  considered  relatively  uniform, 
reproducible,  and  consistent  in  strength,  Occa¬ 
sionally  there  may  be  found  a  small  variation 
In  weight,  and  like  wood,  a  corresponding  vari  • 
atlon  In  strength.  Honeycomb  core  material  Is 
produced  in  a  variety  of  materials,  cell  sizes, 
and  weights.  Each  type  will  vary  somewhat  In 
physical  properties.  Because  of  fabrication 
techniques,  the  material  has  a  "with  ribbon" 
direction  and  a  "cross  ribbon"  direction.  (See 
Figure  8-1  of  Chapter  8.)  The  Physical  Proper¬ 
ties  In  the  two  directions  are  quite  different. 

/  Another  factor  inherent  in  manufacturing  1s 
the  finite  size  of  the  blocks  of  honeycomb  that 
can  be  laid  Into  the  sandwich.  The  resulting 
joints  have  a  profound  effect  on  the  amount  of 
core  shear  stress  that  the  sandwich  can  carry. 
The  edge  bonding  of  the  honeycomb  blocks  to 
Insure  shear  continuity  appears  to  be  a  logical 
solution,  but  production  difficulties  are  so 
sever  as  to  have  ma^le  this  method  impractical. 
To  minimize  the  effect  of  core  joints,  radome 
specifications  call  for  the  core  material  to  be 
laid  up  in  a  random  pattern.  Unfortunately, 
this  also  is  an  impractical  solution.  It  would  be 
extremely  difficult,  if  not  impossible,  to  make 
the  core  layup  in  Buch  a  fashion  as  to  comply 
with  the  intention  of  this  requirement.  Since  it 
is  common  practice  to  fabricate  radomes  with¬ 
out  shear  continuity  between  the  blocks  of 
honeycomb  core,  It  Is  well  for  the  stress  analyst 
to  be  fully  aware  of  the  condition,  and  to  evalu¬ 
ate  properly  the  structure  as  it  will  exist. 

Fortunately,  the  principal  purpose  of  the  core 
material  in  a  sandwich  wall  Is  to  separate  the 
faces  and  provide  a  large  moment  of  Inertia  to 
prevent  buckling.  Due  to  the  shape  of  most 
radomes,  the  majority  of  the  shear  load  is 
carried  in  the  face  material.  The  core  Itself  is 
required  to  carry  local  pressure  loads  until 
they  can  be  distributed  Into  the  faces,  and  in 
some  cases  to  carry  concentrated  loads. 


Although  the  listed  strengths  el  honeycomb 
core  may  appear  to  be  quite  high,  the  designer 
should  be  very  much  aware  of  the  possible  loss 
of  strength  due  to  core  joints.  Su.ne  u!  ihc 
variables  affecting  the  efficiency  of  shear  trans¬ 
fer  across  a  joint  arc  listed  and  discussed 
below. 

Core  Shear  Strength.  The  stronger  the  core 
material,  the  higher  the  shear  load  that  can  be 
carried  in  the  basic  material.  Since  shear  load 
is  carried  across  unbonded  joints  by  bending  in 
the  faces,  it  is  apparent  that  the  limiting  amount 
of  load  Is  due  to  face  strength.  With  face 
strength  a  constant,  efficiency  will  decrease 
with  Increasing  core  shear  strength.  (Efficiency 
is  defined  as  the  ratio  of  the  load  that  can  be 
carried  In  shear  across  the  joint,  or  gap,  to  the 
l.oad  that  can  be  carried  in  the  basic  material.) 

Face  Thickness.  Since  shear  load  is  princi¬ 
pally  transferred  across  unbonded  core  joints 
by  face  bending,  It  Is  apparent  that  face  thick¬ 
ness  Is  a  very  Important  factor  In  core  joint 
efficiency.  Since  the  moment  of  inertia  of  the 
face  is  proportional  to  the  cube  of  the  thickness 
and  strength  is  proportional  to  the  square  of  the 
thickneBB,it  is  seen  that  thin  skins  may  nresent 
a  dangerous  weakness  from  the  standpoint  of 
core  shear  strength. 

Strength  and  Flexibility  of  Bond.  When  the 
faces  of  the  sandwich  are  required  to  transfer 
shear  load  across  an  unbonded  core  joint,  the 
faces  act  in  "free  but  guided"  bending,  as 
Figure  6-15  indicates,  the  bond  adjacent  to  the 
gap  is  subjected  to  an  extremely  high  concen¬ 
tration  of  stress.  If  the  bond  is  extremely 
strong,  then  an  appreciable  percentage  of  the 
load  can  be  transmitted  across  the  Joint.  If  the 
faces  of  the  sandwich  are  strong  and  rigid,  they 
will  tend  to  reduce  the  peak  stress,  and  distrib¬ 
ute  the  load  over  more  of  the  face  bond. 

Another  factor  that  is  of  great  importance  is  the 
brittleness  of  the  bond.  If  the  adhesive  is  flex¬ 
ible,  it  will  allow  some  yielding,  reducing  the 
peak  stress,  and  allowing  a  redistribution  of 
load  into  more  of  the  bond.  On  the  other  hand, 
if  the  bonding  material  is  brittle,  the  entire  face 
will  delaminate  at  the  first  sign  of  failure.  Be¬ 
cause  many  of  the  resins  used  in  radome  fabri¬ 
cation  are  of  the  brittle  type,  this  should  be 
given  careful  consideration. 

Thickness  of  Core.  The  greater  the  thickness 
of  the  core,  the  greater  the  load  it  can  be  ex¬ 
pected  to  carry.  Considering  the  thickness  of 
the  faces  to  be  a  constant,  and  therefore  of  con¬ 
stant  strength,  core  joint  shear  efficiency  will 
decrease  with  increasing  core  thickness. 
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Flgurm  6- IS.  Slrtti  an  Bond  Ad/ocont  to  Gap 


Gaps  In  Core  Joints.  If  the  joints  between 
blocks  of  honeycomb  core  material  are  separa¬ 
ted  a  finite  distance  instead  of  beinp  butted  or 
interlocked,  the  effect  la  to  further  reduce  the 
load  carrying  ability  of  the  sandwich.  If  the 
faces  are  also  loaded  In  compression,  another 
critical  factor  is  added. 

6-17.  Wall  Construction  -  Foamed-in -Place- 
Core 


be  based  on  minimum  densities  expected  rather 
than  nominal  values. 

Foamed-ln-place  core  materials  do  not  pose 
the  problem  of  core  joints  and  reduced  effi¬ 
ciency  as  docs  honeycomb.  The  shear  strength, 
therefore,  may  actually  be  higher  from  the 
standpoint  of  useable  strength,  althoug..  the 
theoretical  strength  of  the  foam  may  be  less. 
The  reliability  of  bonds  is  excellent  for  foamed- 
ln-place  sandwiches.  It  may  also  be  noted  that 
foam  density  variations  occur  within  the  radome 
and  tend  to  be  a  function  of  radome  size  and 
length.  In  general  such  variations  may  be  as 
high  as  ±10  percent  or  more  of  nominal  density. 

6-18.  Wall  Construction  —  Prefabricated  Foam 

Prefabricated  foam  is  made  by  foaming  the 
material  In  open  or  closed  molds  and  precuring 
without  skins.  The  material  is  then  cut  to  the 
proper  thickness  and  size  and  laid  up  in  the 
sandwich  in  the  same  manner  that  blocks  of 
honeycomb  are  used.  The  use  of  the  material 
in  theform  of  prefabricated  blocks  again  results 
in  a  discontinuous  structure  with  core  joints. 
In  this  case,  however,  it  is  not  Impossible  to 
bond  together  the  flat  sides  of  the  core  blocks 
to  facilitate  shear  continuity.  Another  advantage 
of  prefabricated  foam  is  the  control  that  can  be 
exerted  on  cell  structure  and  weight.  As  cured 
blocks,  the  material  may  be  visually  examined, 
weighted,  or  otherwise  tested  and  rejected  if 
found  unsatisfactory. 


In  fabricating  a  foamed-ln-place  sandwich, 
the  skins  are  first  molded  and  precured.  The 
resin  containing  the  foaming  agents  la  then 
admitted  between  the  two  skins,  which  are  con¬ 
tained  in  matched  metal  molds.  As  the  foaming 
takes  place,  the  mater ial  flows  under  consider¬ 
able  pressure,  due  to  Its  viscosity,  between  the 
two  skins.  Since  the  foam  clings  and  bonds  to 
the  two  skins,  the  velocity  of  flow  next  to  the 
skin  Is  zero.  This  creates  a  condition  of  strain 
in  the  material  next  to  the  bond  lines  and  usu¬ 
ally  results  In  a  plane  of  weaker  material  next 
to  the  face  of  the  sandwich.  A  close  examination 
of  a  cross  section  of  the  foam  will  show  the 
enlarged  cell  structure  next  to  the  skin.  It  is 
this  plane  of  weakness  that  determines  the 
strength  of  the  core  material  in  shear.  In  cre¬ 
ating  the  core  material  of  the  sandwich- by 
foaming  in  place,  there  may  be  a  considerable 
variation  in  density  between  radomes.  The 
nominal  density  of  the  foam  may  be  controlled 
within  wide  limits,  but  an  allowable  variation 
of  from  10  to  IS  percent  should  be  expected. 
This  point  Is  discussed  because  the  strength 
of  foam  core  varies  almost  directly  with  Its 
density.  Shear  and  compression  values  should 


The  disadvantages  of  prefabricated  foam  He 
principally  in  the  high  cost  of  the  core  blocks, 
the  added  cost  of  layup  In  the  sandwich,  partic¬ 
ularly  if  ltis  necessary  to  edge-bond  the  blocks 
or  to  countour  the  material.  Another  disadvan¬ 
tage  Is  the  necessity  to  make  secondary  bonds  in¬ 
stead  of  the  primary  bonds  formed  by  foaming  in 
place. 

6-19.  Wall  Construction  —  Fluted  Core 

"Fluted  core",  or  "channeled  core",  is  fab¬ 
ricated  by  either  the  lost  wax  method,  or  by 
molding  in  matched  metal  dies.  The  result  Is  a 
core  material  of  open  ducts  through  which  hot 
air  can  be  forced  for  the  purpose  of  anti-icing. 
See  Figure  6-16.  Because  this  type  of  construc¬ 
tion  is  usually  used  for  anti- icing  radomes, 
which  require  very  thin  skins  and  thin  and 
widely  spaced  webs  for  best  hot  air  flow  and 
conductivity,  structural  problems  can  be 
expected.  The  very  thin  faces  are  easily  punc¬ 
tured  and  damaged,  and  the  thin  and  widely 
spaced  webs  are  easily  crushed. 

It  Is  apparent  from  Figure  6-16  that  a  sand¬ 
wichusing  fluted  core  will  have  shear  continuity 
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ted  at  right  angles,  or  to  use  a  honeycomb  core 
tn  the  innermost  sandwich.  The  structural  effi¬ 
ciency  of  this  tvoe  of  construction  is  less  than 
that  of  a  single  sandwich  of  honeycomb  core. 
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6-20.  Wall  Construction  —  Waffle  Core 
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in  only  one  direction.  (Shear  continuity  denotes 
continuous  shear -carrying  material,  or  webs.) 
This  1b  usually  an  unacceptable  structural  con¬ 
dition  unless  the  application  is  such  that  the 
flutes  can  be  align  i  and  unloaded  over  a  short 
span.  A  common  solution  to  this  problem  la  to 
employ  a  double  sandwich,  with  the  flutes  orien- 


Waffle  core  lias  the  unique  property  of  having 
no  shear  continuity  In  any  direction.  For  this 
reason  it  has  found  little  use  in  structures  re¬ 
quiring  high  strength.  The  spacing  of  the  waffle 
posts  must  inherently  create  the  same  effect  as 
core  gaps  in  honeycomb  core,  and  due  to  the 
regularity  of  design,  these  core  spaces  will  be 
continuous  in  two  directions.  One  of  the  advan¬ 
tages  of  waffle  core  stems  from  the  fact  that  it 
does  lack  shear  continuity  in  two  directions. 
Because  of  its  flexibility,  waffle  core  may  be 
formed  into  compound  curvatures  without 
bridging.  The  term  "bridging"  is  used  to  denote 
the  antlclastic  bending  demonstrated  by  most 
materials.  Antlclastic  bending  is  literally 
secondary  curvature  of  a  bar  at  right  angleB  to 
the  direction  of  primary  bending.  This  point 
can  best  be  appreciated  by  the  demonstration  of 
bending  a  rubber  eraser. 


SECTION  C.  STRESS  METHODS 


6-21.  Introduction 

Stress  methods  (or  plates,  spheres,  and  cylin¬ 
ders  of  isotropic  materials  are  wall  known  and 
can  be  used  with  some  confidence.  These 
methods  are  applicable  to  metal,  which  Is  an 
isotropic  material,  but  are  not  completely  suit¬ 
able  for  the  analysis  of  similar  shapes  of  rein¬ 
forced  plastic,  which  Is  generally  an  orthotropic 
material.  If  the  radome  wall  is  of  reinforced 
plastic  sandwich  construction;,  the  process  of 
stress  analysis  becomes  even  more  complex. 
Sandwich  structures  are  still  a  relatively  new 
method  of  construction,  and  as  such,  have  not 
received  the  degree  ojp  study  and  research 
expended  on  solid-wall  configurations. 

Admittedly  there  are  llttel  data  and  few  proved 
equations  applicable  to  the  stress  analysis  of 
reinforced  plastic  structures,  particularly 
sandvrlch  structures;  however,  it  la  believed  that 
a  careful  stress  analysis,  using  the  best  tools 
available,  can  produce  a  structurally  acceptable 
design.  With  this  philosophy,  the  following 
methods  are  presented. 

8-22.  Area  Theory  of  Stress  Analysis 

The  simplest  approach  to  the  problem  of 
stress  analysis  of  a  radome  structure  is  to 


treat  the  radome  as  a  series  of  disconnected 
strips  or  rings.  These  rings  or  BtripB  then 
lend  themselves  to  conventional  methods  of  anal 
ysiB.  Although  this  method  Is  easy  and  conven¬ 
ient,  the  results  are  frequently  grossly  Inaccu¬ 
rate.  The  "strip"  method  Ignores  the  support 
of  adjacent  rings  or  strips,  which  Indeed  is  to 
ignore  the  shape  of  the  radome,  the  principal 
factor  In  Its  ability  to  carry  load. 

A  more  logical  approach  to  the  problem  la  to 
recognize  that  most  radome  shapes  consist  of 
areas  composed  of  spheres,  cylinders,  cones, 
or  even  flat  areas.  If  the  radome  is  viewed  in 
terms  of  its  various  areas,,  and  In  conjunction, 
with  the  loading  system  itmust  carry,  its  modes 
of  failure  may  be  visualized  in  terms  of  the 
failure  of  whole  areas,  rather  than  individual 
strips.  It  has  been  found  that  this  basic 
approach  to  the  problem  of  radome  stress  anal¬ 
ysis  Is  very  helpful,  and  that  the  results 
obtained  are  much  closer  to  test  results  than 
what  could  be  obtained  by  the  strip  method. 

Structures  generally  considered  capable  of 
stress  analysis  by  existing  methods  are  cylin¬ 
ders,  spheres,  and  flat  plates.  Since  It  Is  un¬ 
likely  the  radome  shape  will  conform  directly 
to  any  of  these  shapes,  a  certain  amount  of  sim¬ 
plification  will  have  to  be  performed.  This  will 
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-  critical  budding  itmi 


consist,  (or  example,  of  subatltuting  an  equlv- 

nlmil  . »k.-«  ..  •I1I-..1 0-1 - - - - 
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lng  an  equivalent  cylinder  (or  a  conical  area. 
It  Is  In  this  matter  that  the  stress  analyst  must 
apply  his  common  sense  and  judgement  to  the 
problem. 

In  the  process  of  simplification,  the  loads 
must  also  be  considered.  It  will  be  the  rare 
case  ifacritlcal  area  be  chosen  and  the  load  on 
the  area  Is  not  a  complex  system.  In  this  case 
also,  the  stress  analyst  will  need  to  make  sim¬ 
plifying  assumptions  to  apply  some  ol  the  known 
methods  of  analysis. 

The  thoughtful  study  and  analysis  of  most 
radome  shapes  can  result  in  a  general  under¬ 
standing  ol  how  the  radome  supports  Its  loads, 
how  the  Initial  failure  will  take  place,  and  how 
the  critical  area  can  be  simulated  by  a  struc¬ 
ture  capable  of  stress  analysis.  It  la  admitted 
that  this  :  pproach  Is  highly  unscientific,  but 
until  accurate  methods  of  stress  analysis  are 
developed  and  experimental  data  for  verification 
obtained,  no  better  method  can  be  recommended. 


where 


E  =  Young’s  Modulus 
t  =  thickness,  Inches 
r  -  radius,  inches 


Equation  (6-12)  by  Timoshenko  may  be  com¬ 
pared  to  the  above  equation  by  writing  them  in 
the  same  terms.  In  this  form  Equation  (6-13) 
Is 


°  CR  "  °-®°  B  F  (8-14) 


Because  of  manufacturing  tolerances  and  other 
effects  that  can  have  a  powerful  influence  on  the 
critical  load,  the  following  equation  Is  suggested 
for  use: 


6-23.  Instability  Buckling  of  Spherical  Areas 
Un3er  Lateral  Pressure 


Solid  Wall.  A  spherical  area  of  a  radome, 
loaded  by  uniform  external  pressure,  may  bo 
examined  for  Instability  buckling  by  the  follow¬ 
ing  expression3 


P  = 


. .  ZEt2- 

r2  J  3(1-/*2) 


(6-12) 


where  p 
E 

r 

t 


pressure,  pounds  per  square  inch 

Young’s  Modulus,  pounds  per 
square  inch 

radius  ol  the  sphere,  inches 
Poisson's  ratio 
thickness,  inches. 


°CR  "  010  E  F  <*-M) 


Sandwich  Wall.  The  basic  equations  presented 
for  the  solid-wall  sphere  may  be  applied  to  the 
sandwich  wall  by  the  use  of  an  equivalent  thick¬ 
ness.  The  equivalent  thickness  of  a  solid  wall  to 
a  sandwich  wall  may  be  found  from  the  follow¬ 
ing  relation: 


te  M6  t  h»)  1/3  (6-16) 


where  te  =  solid  wall  thickness,  equivalent 

t  =  sandwich  face  thickness,  inches 

h  =  sandwich  shear  thickness,  inches 
(See  Figure  6-17.) 


This  equation  is  lor  an  isotropic  material,  and 
to  this  extent  the  equation  Is  unconservative. 
It  must  also  be  considered  unconservative  for 
other  reasons.  Additional  work  on  this  subject 
by  Von  Karman  and  Talen*  provides  the  follow¬ 
ing  relation: 


<rCR  “  0. 18258  Ei  (6-13) 


Ftfaiu  4-17.  Hut  Suudwlck  Futumulun 
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The  direct  substitution  will  be  uncanservatlv* 
because  of  the  neglect  of  the  reduced  sheer 
modulus  of  the  core  material.  The  following 
eauation.  1  naraeranh  S  ISnt n»l»rmr-nm  ;«••• 
the  following  method  of  correction. 

* 

PCR  £ - Y  {fl‘17) 

PCR  +  U 


*CR  -  o.floe  e  j 


A  very  different  equation  Is  presented  by 
Kempner  in  Reference  7,  as  follows: 

o-CR  =  0.162  E  j  (6-20) 


where  p* 

CR 


corrected  buckling  pressure, 
pounds  per  square  Inch 


Because  of  manufacturing  errors  and  slight 
inconsistencies  in  shape  and  material,  the  fol¬ 
lowing  equation  in  recommended  for  uBe: 


PCR  =  calculated  buckling  pressure, 
pounds  per  square  inch 


t 

vCR  =  0.10  E  7  (6-21) 


U  =  Gc  h 

Gc  =  Bhear  modulus,  core  material 

If  the  core  material  is  orthotropic,  the  value 
of  Gc  used  should  be  the  average  of  the  shear 
modulus  in  the  two  directions. 


Sandwich  Wall.  Considerable  work  has  been 
done  on  sandwich  curved  panels  carrying  axial 
load  by  the  United  States  Forest  Products  Lab¬ 
oratory.®  Using  this  material,  Mr.  WX. 
Zophres  has  developed  the  following  equation9 
(See  Figure  6-18.) 


6-24.  InutabilP  Buckling  of  Cylindrical  Areas 
Carry  in  Axial  Load  ~ 

Solid  Wall.  Considerable  work  has  been  done 
on  this  problem,  and  the  equations  presented 
below  may  be  considered  quite  reliable  If  ap¬ 
plicable.  Note,  however,  that  the  equations  are 
for  complete,  long  cylinders  under  axial  load 
and  not  for  Incomplete  areas  with  unknown  de¬ 
grees  of  edge  fixity.  It  Is  suggested,  therefore, 
that  this  material  be  used  with  due  caution  and 
a  considerable  measure  of  conservatism.  Ref¬ 
erence  6  presents  the  following  equation,  which 
again  was  taken  from  other  sources  as  noted  In 
that  reference. 


"CB 


where  ctcr  =  critical  buckling  stress 


0.4  N  Ef  (c  +  2t) 
r  /  1-  M2 


(6-22) 


where  N  -  1  -  0.286  S 

when  S  <  0.51S  (sandwich 
strong  In  shear) 

N  *  °-436 

S 

when  S  ?  0.513  (sandwich 
weak  in  shear) 


and  5 


ctEt _ 

3(c  +  2t)  rGc  (1  -  m2) 


E  =  Young’s  Modulus,  pounds  per 
square  Inch 


Ef  =  modulus  of  elasticity  of  the  face 
material. 


t  -  thickness,  Inches 
r  =  radius,  Inches 
m  =  Poisson’s  ratio 

Using  Poisson’s  ratio  as  equal  to  0.3,  this 
equation  becomes; 


Note  again  that  the  shear  modulus,  Gc,  is  for 
an  isotropic  core  material.  If  an  orthotropic 
core  material  Is  being  used,  the  value  of  Gc 
should  be  taken  as  the  average  of  the  values  in 
the  two  directions,  or  the  minimum  of  the  two. 

When  this  equation  Is  carried  to  the  limit  of  a 
solid  thln-wall  cylinder,  It  becomes,  using 
Poisson’s  ratio  as  0.3, 
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Figure  S-1S.  Cylindrical  Send* Ich  Parameter! 


<tcr  =  0.242  E  (6-23) 

Note  that  this  coefficient  la  approximately 
twlc$  as  large  as  that  recommended  for  solid- 
'^Ng£i|<3Minders.  This  does  not  necessarily  de¬ 
note  thht  the  value  Is  unconservative.  The  basic 
stiffness  of  the  sandwich  wall  in  comparison  to 
manufacturing  tolerances  1b  probably  higher  than 
could  be  expected  of  a  thin -wall  cylinder. 


6-25.  Instability  Buckling  of  Cylindrical  Areas 
Carrying  Shear  Loads 

Solid  Wall.  For  solid-wall  r adorn es  the  value 
of  the  critical  shear  stress  may  be  determined 
by  the  use  of  Reference  10.  This  method  Is 
again  based  on  thln-wall  Isotropic  materials. 
The  equations  presented  are  In  the  following 
form.  (See  Figures  6-19  to  6-22.) 

"CB  ■  yf  <•-*> 


12  U  ) 


t  =  thickness  of  panel 


Tbo  value  of  Ks  may  be  found  from  the  tables 
of  curves  presented  by  Reference  10  for  various 
ratios  of  axial  length  to  curved  length  and  for 
various  conditions  of  edge  support.  (See  Figures 
6-19,  6-20,  6-21,  and  6-22.) 


Figure  t-lt.  Critical  Shear  S  CeatUcleate  hr  Slmyly-Supyerted  Curved  Pettelt  Having  Circumferential 

0 reefer  than  Ariel  Length 
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rlguta  6-22.  E  It  I  matt  d  T  ha  arctic  at  Shaai  Stiff  Coiff/cttntl  hi  Curvet/  Pandit  with  Clamptd  Edgaa  and  Hating 
Axial  Langth  Gtaatar  than  Chtumlaianllal  Lanqth 


Sandwich  Wall.  Considerable  work,  has  been 
accomplished  by  the  United  States  Forest  Prod¬ 
ucts  Laboratory  on  the  subject  of  curved  panels 
carrying  shear  load.11  Note  that  these  values 
are  for  isotropic  sandwich  cylinders  in  torsion. 
It  Is  not  known  how  to  modify  the  equations 
presented  to  account  for  orthotropic  materials, 
or  how  to  interpret  properly  the  effect  of  trans¬ 
verse  shear  as  compared  to  torsional  shear.  It 
Is  believed,  however,  that  these  differences  will 
be  small  compared  to  the  overall  inaccuracies 
that  may  exist  In  the  radome  stresB  analysis. 

The  data  presented  In  Reference  11  has  been 
revised  by  W.  C.  Zophres,9  and  may  be  pre¬ 
sented  In  the  form: 

(c  +  2 1) 

“"CR  =  Kf  Ef  - -  (8-25) 

The  value  of  Kf  maybe  taken  from  the  curves, 
Figures  6-23,  6-24,  and  6-25.  In  these  curves, 

fl,  *2  -  the  thicknesses  of  the  two  faces 
of  the  sandwich  (inches) 

J  =  b2/hr 

n'  -  shear  modulus  of  rigidity  of  the 
core  :  Gc  and 


c*l  h  Ef  _ 

(f  j  +  fj)  hr  n'  ( 1  -  Mf3) 


where 

b  =  length  of  cylinder  (inches) 
h  =  total  thickness  of  sandwich  (Inches) 

»  c  +  fi  +  f2 

c  ■  core  thickness  (inches) 
r  =  mean  radius  of  cylindrical  shell(lnches) 
Ef  =  modulus  of  rigidity  of  face  material  (psl) 
^f  ■  Poisson’s  ratio  for  face  material. 

6-26.  Instability  Buckling  of  a  Cylindrical  Area 
with  External  Pressure 

Solid  Wall.  The  critical  external  pressure 
that  will  produce  buckling  In  a  thin  cylinder  Is 
given  by  Timoshenko3  as: 

3EI  _ 


r3  (1-m*) 


(6-27) 


where  I  is  the  moment  of  inertia  of  the  wall  per 
Inch  of  length  of  the  cylinder. 

This  equation  Is  derived  for  an  Isotropic  ma¬ 
terial,  and  a  comparison  of  the  theoretical 
equation  to  test  data  usually  Indicates  a  large 
degree  of  unconservatism  may  exist  in  the  cal¬ 
culation. 

Sandwich  Wall.  The  United  States  Forest 
Products  Laboratory  has  Investigated  the  con¬ 
dition  of  instability  buckling  of  sandwich  cylin¬ 
ders  under  external  pressure.  This  data  is 


f/gur.  <-23.  Buckling  Co offldonfi  hr  Cyllndart  of  Itotroplc  Sandwich  Con.fri/cffon 
In  Tortlen  (a/h  -  0.701 
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Figure  6-24.  Buckling  Coefficient*  for  Cylinder*  of  l*otroplc  Sandwich  Corn  fraction 
In  Tortlon  (c/h  =  /.OOJ 
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Flgun  t-15.  Buckling  Coofflclontt  of  Inflnltoly  Long  Cyllndort  of  Isotropic  Construction  In  Torolon  (c/h  -  1.00) 


presented  in  Reference  12,  and  has  been  re¬ 
arranged  by  W.  C.  Zophres®  In  the  following 
form  for  infinitely  long  cylinders: 


3%  t(c  +t)2 
2r3  (1  -  ;<2) 


(6-20) 


3Ef  t(c  +  t)2 
PcR  2  r®  (1  - 

(6-28) 


MV 


»/i  ♦  b2^ 

2E,t  .(c  +  t) 

.*  Grfl  (1  *  Ml 

where  q  =  shear  modulus  in  re  plane, 

T0  pounds  per  square  inch 

r  -  average  radius,  inches 

a  =  radius  of  outside  face,  inches 


If  the  value  of  I  for  a  sandwich  be  substituted 
in  this  equation,  the  expression  becomes  that 
of  Timoshenko  for  a  solid  wall. 


1  sand 


t(c  t)2 
2 


(6-30) 


The  preceding  expressions  are  for  an  infinitely 
long  cylinder.  Forest  Products  Laboratory  Re¬ 
port  1844-B^2  investigates  the  case  of  cylinders 
of  finite  length.  The  stability  criterion,  how¬ 
ever,  is  minimized  only  for  certain  values  of  the 
elastic  constants  and  parameters  of  the  cylin¬ 
der.  Estimates  of  the  effect  of  length  may  be 
obtained  from  Figures  6  to  8  of  that  report. 


6-27.  Instability  Buckling  of  Flat  Areas  Under 
Edge  Compression 


b  =  radius  of  inside  face,  inches 

=  Poisson’s  ratio  for  the  face 
material. 

Ail  other  symbols  are  as  previously  defined. 
(See  Figure  6-18.) 

If  G  becomes  infinity,  and  b/a  equals  1,  this 
expression  becomes: 


Solid  Wall.  The  instability  buckling  of  solid- 
wall  flat  rectangular  panels  has  been  the  subject 
of  much  investigation.  Data  contained  in  Refer¬ 
ences  3  and  6  is  suggested. 

Sandwich  Wall.  Data  for  the  investigation  cf 
flat  rectangular  sandwich  panels  is  given  in  Ref¬ 
erence  5  for  both  isotropic  and  orthotropic 


308 


construction,  and  for  various  conditions  of  edge 
support. 

8-28.  Instability  Buckling  of  Flat  Areas  in  Shear 

Solid  Wall.  Data  on  instability  buckling  of  flat 
areas  in  shear  may  be  found  in  References  3, 
G,  and  13. 

Sandwich  Wall.  Data  for  the  investigation  of 
the  buckling  of  flat  rectangular  sandwich  areas 
in  shear  may  be  found  in  Reference  5  for  both 
orthotropic  and  isotropic  construction. 

6-29.  Flat  Areas  Under  Lateral  Pressure. 

Data  for  the  deflection  produced  by  lateral 
pressure  on  plates  may  be  found  in  References 
3  and  6.  Data  for  sandwiches  may  be  found  In 
Reference  5.  The  deflections  produced  may  be 
considered  to  be  critical  when  existing  in  con¬ 
junction  with  compressive  load  in  the  faces. 
Methods  of  analysis  for  these  conditions  are  not 
known. 

Reference  14  presents  data  obtained  on  sand¬ 
wich  panels  with  simply  supported  loaded  edges 
and  free  unloaded  edges,  loaded  in  compression 
with  lateral  pressure. 


8-30.  Stress  Created  by  Thermal  Shock 


If  a  plate  is  submerged  in  a  hot  medium,  the 
surfaces  will  begin  an  immediate  expansion. 
Because  a  finite  time  1b  required  for  the  inner 
material  to  become  heated,  the  outer  layers  are 
restrained  by  the  cooler,  unexpanded,  inner 
layers.  A  stress  equilibrium  is  thus  created  in 
which  the  outer  layers  are  in  compression  and 
the  inner  layers  are  in  tension. 


If  the  thermal  conductivity  of  the  material  is 
low,  the  temperature  of  the  surface  will  reach 
a  given  temperature  more  quickly  than  if  the 
thermal  conductivity  is  high.  High  conductivity 
would  allow  rapid  flow  of  heat  away  from  the 
surface  layers  and  into  the  inner  layers,  In 
the  case  of  low  conductivity,  the  maximum  sur¬ 
face  stresses  will  be  reached  within  a  very 
short  time  after  immersion,  and  then  gradually 
reduce  as  the  interior  of  the  part  becomes 
warm.  The  tensile  stresses,  conversely,  initi¬ 
ally  will  be  low  due  to  the  large  amount  of  ma¬ 
terial  in  the  center  remaining  cool.  As  the  heat 
is  conducted  inward,  the  percentage  of  cool  ma¬ 
terial  decreases  with  respect  to  the  hot  material 
and  the  tensile  stresses  continue  to  grow 
greater. 


surface  while  the  interior  is  still  relatively 
coot.  Because  of  the  greater  amount  of  material 
expanding  at  the  surface,  the  tensile  forces  re¬ 
straining  the  expansion  must  be  much  larger  and 
exist  in  a  smaller  amount  of  material.  That  is, 
the  tensile  stress  will  be  high.  It  can  also  be 
seen  that  the  maximum  value  of  tensile  stress 
will  not  be  reached  as  rapidly  as  will  the  maxi¬ 
mum  compressive  stresses  created  on  the  sur¬ 
face. 

Some  of  the  factors  that  affect  the  amount  of 
thermal  stress  developed  as  a  result  of  thermal 
shock  are:  thermal  conductivity,  time,  thick¬ 
ness  of  the  plate,  and  the  coefficient  of  heat 
transfer,  which  governs  the  amount  of  heat  flow 
from  the  medium  into  the  plate.  Other  factors 
are  the  temperature  differential,  the  density  of 
the  material,  and  the  specific  heat,  the  Utter 
being  the  two  factors  that  determine  the  temper¬ 
ature  change  produced  by  a  given  quantity  of 
heat.  It  is  also  evident  that  the  coefficient  of 
thermal  expansion  and  Young’s  Modulus  also 
Influence  the  amount  of  stress  created. 

Reference  1  presents  nondlmenslonal  coeffi¬ 
cients  and  curves  by  which  the  stresses  at  the 
surface  and  center  of  plates  with  equal  thermal 


conditions 

on  each  side  may  be 

determined, 

These 

nondimensional  coefficients 

are  as  fol- 

lows: 

e 

kt 

(6-31) 

P  a2c 

P 

_  ah_ 

(6-32) 

k 

where  k  =  thermal  conductivity,  Btu  per 
square  foot-second-°F  per  foot 

t  =  time  of  exposure,  seconds 

P  -  density  6f  material,  pounds  per 
cubic  foot 

a  =  half  thickness,  feet 

c  =  specific  heat,  Btu  per  pound,  OF 

h  =  heat  transfer  coefficient,  Btu  per 
square  foot-second-°F  per  foot 

Note  that  e  is  a  nondime  ns  iona  l  time  para  - 
meter,  while  0  is  a  nondimensional  heat  trans¬ 
fer  parameter. 


If  the  thermal  conductivity  of  the  material  is 
high,  the  surface  compressive  stress  will  not 
reach  the  maximum  that  would  be  obtained  for 
a  material  of  lower  conductivity.  In  this  case, 
however,  the  rate  of  heating  of  the  cross  section 
will  be  much  more  rapid,  bringing  to  tempera¬ 
ture  a  much  larger  mass  of  material  near  the 


By  the  use  of  the  curves  of  Figure  6-26  the 
maximum  surface  stress  may  be  calculated 
from  the  conditions  of  time,  plate  thickness, 
and  the  physical  characteristics  of  the  ma¬ 
terial.  Figure  6-26  shows  that  as  0  increases, 
the  maximum  surface  stress  results,  and  that 
for  a  given  fi,  the  stress  is  influenced  bye. 
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Figure  6-27  may  be  used  to  determine  the  max¬ 
imum  surface  stress  regardless  of  time.  The 
maximum  stress  at  the  center  of  a  plate  may 
be  calculated  by  use  of  the  curves  of  Figure 
6-28  for  conditions  of  time,  plate  thickness,  and 
characteristics  of  the  material. 

It  is  recognized  that  the  case  of  a  flat  plate 
with  equal  thermal  conditions  on  each  side  is 
not  directly  applicable  to  the  case  of  a  radome 
wall  where  a  high  temperature  condition  may 
exist  on  one  aide  only.  However,  it  is  felt  this 
data  may  be  useful  In  that  certain  modifications 
and  assumptions  may  enable  analytical  approx¬ 


imations.  In  the  case  Just  cited,  no  warpage  or 
buckling  will  take  place  in  the  plate  because  of 
symmetry  about  a  median  plane.  Under  the  con¬ 
dition  of  a  temperature  differential  bn  the  two 
faces,  a  constant  temperature  distribution  will 
establish  itself  after  a  certain  length  of  time. 
Under  this  condition,  the  plate  will  assume  a 
buckled  condition,  but  if  unrestrained,  there 
will  be  no  stress  in  the  plate.  The  act  d  buck¬ 
ling  relieves  the  strains  created  by  the  thermal 
gradient.  It  can  be  seen,  therefore,  that  the 
stresses  induced  by  the  steady-state  thermal 
gradient  are  due  only  to  the  restraint  imposed. 
It  is  logical  to  assume,  therefore,  that  if  the 


4 


310 


Plgu ra  4-2 7.  Nondlmanilonal  Maximum  Surlaea  Slim  Vtrauf  Handlmanalcnal  Haul  Transfer 


plate  were  perfectly  restrained  the  stresses 
would  be  equivalent  to  that  of  a  plate  of  twice 
the  thickness  whose  center  plane  temperature 
was  that  one  of  the  faces, 

TimoshenkoS  treats  the  case  of  a  flat -plate 
with  a  nonlinear  temperature  distribution,  and 
presents  the  following  general  solution: 


a 


aTE  +  1 

(1  -M)  2a  (1  -„) 


f+a  a  TE  dy 

' -  IS 


f+a 

J  a  TE  y  dy 


2a3  (1  -M) 


(6-33) 


where 


a  -  stress,  pounds  per  square  inch 
a  =  coefficient  of  thermal  expansion, 
dimensionless 

T  =  temperature  rise  at  element,  °F 
E  --  Young’s  Modulus,  pounds  per 
square  inch 

=  Poisson's  ratio,  dimensionless 
a  -  half  thickness,  inches 
dy  =  element  of  thickness,  Inches 
y=  distance  from  center  to  element, 
Inches 


This  equation  is  for  a  flat  plate.  Other  cases 
of  discs,  spheres,  and  rods  are  discussed.  Un¬ 
fortunately,  however,  none  of  these  is  directly 
applicable  to  radome  shapes.  The  inter-rela¬ 
tionship  of  shape,  restraint,  and  nonisotroplc 
materials  has  not,  to  the  writer’s  knowledge, 
been  solved.  It  may  be  reasoned,  however,  that 
If  the  radome  shape  is  such  as  to  cause  con¬ 
siderable  resistance  to  warping  and  buckling, 
the  data  presented  for  flat  plates  may  be  of 
some  use  in  predicting  stress  levels. 

Timoshenko  also  considers  the  case  of  the 
hollow  sphere,  which  may  be  useful  for  certain 
types  of  hemispherical  radomes.  This  data  is 
presented  as  follows: 


2a  E  r3  -  a3 

(1-a)  |_(b3-a3>r3 


(6-34) 
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2  r3  +  a3 


6-31.  Thermal  Stress 


<r  T 


2  a  £ 
(1  -M> 


2(b3  -  a3)r3 


+  ~  ^  T  r2  dr 


(0-35) 


where  a  r  a  stress  in  radial  direction, 
pounds  per  square  Inch 

-  stress  In  tangential  direction, 
pounds  per  square  Inch 

a,  T,  E,  and/j,  are  as  previously 
defined 


and  r  =  distance  from  the  center,  Inches 


a  =  outer  radius  of  sphere,  Inches 


,  b  =  inner  radius  of  sphere,  inches 


If  the  thne  is  such  that  a  steady  flow  rate  will 
be  established,  the  following  equation  may  be 
used  to  calculate  the  stress; 


»E  T, 


ab 


R  = 


a  +  b  -  — 
r 


(1  -m)  b3  -  a3 
(b2  +  ab  +  b2)  +  *--.!??- 


aETj  ab 


aT  (1 -M)  b3  -  a3 


(b2  +  a  b  +  b2) 


a  +  b  -  — 
2r 


a8  b2 


2  r  3 


(6-36) 


(6-37) 


In  this  case  Tt  Is  taken  as  the  temperature  of 
the  inner  surface,  while  the  temperature  of  the 
outer  surface  Is  assumed  to  be  zero, 


If  dissimilar  materials  having  different  coeffi¬ 
cients  of  thermal  expansion  are  combined  In  a 
structure  in  such  a  way  that  they  must  expand 
or  contract  together,  then  changes  in  temper¬ 
ature  Will  rrnata  ;t»a;  K.j  members.  ThS 
factors  that  affect  the  Btress  developed  are  the 
relative  coefficients  of  thermal  expansion,  the 
change  of  temperature.  Young's  Modulus,  and 
the  relative  areas  of  the  two  materials  effective 
in  mutual  restraint.  The  stresses  resulting 
from'  such  a  combination  can  be  calculated  by 
simple  considerations  of  the  following  equations 
for  elongation  due  to  temperature  and  to  stress. 


PL 

Sa  =  -  (6-38) 

AE 


»T  =  oLaT  (6-39) 


where  Sg  =  elongation  due  to  stress,  inches 

s  T  =  elongation  due  to  temperature 
change,  inches 

P  =  load,  pounds 

L  =  length,  Inches 

A  -  area,  square  inches 

E  =  Young’s  Modulus,  pounds  per 
Bquare  inch 

a  -  coefficient  of  thermal  expan¬ 
sion,  dimensionless 

A  T  =  change  In  temperature,  °F 


If  the  nature  of  the  installation  Is  such  that 
the  member  is  completely  constrained  and  If  It 
is  subjected  to  a  change  in  temperature,  the 
stress  created  will  be  as  follows; 


17  =  Ea&T  (0-40) 


Because  of  the  many  variables  that  affect 
thermal  stresses,  it  is  recommended  that  the 
reader  study  the  text  of  Reference  1  for  an  ex¬ 
cellent  discussion  of  the  process  of  heat  trans¬ 
fer  and  the  creation  of  thermal  stress. 


where  symbols  are  as  previously  noted. 

If  the  member  Is  rigidly  attached  to  the  other 
structure,  so  that  they  must  expand  or  contract 
together,  the  stress  created  will  be: 
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a  = 


Eat  (a  1  *  a  2)  (6-41) 


TM«  •nnaMnn  l«  hoaaH  nn  tha  aaaumnHnn  that 

the  two  structures  undergo  the  same  change  in 
temperature  and  that  the  area  of  the  main  struc- 
ture  is  very  large  in  comparison  to. that  of  the 
member  under  consideration. 

If  two  structures  of  different  materials,  having 
different  coefficients  of  thermal  expansion, 
different  values  of  Young's  Modulus,  and  some¬ 
what  equivalent  areas  are  attached  so  they  must 
expand  and  contract  together,  and  are  subjected 
to  a  temperature  change  from  that  at  which  they 
were  originally  Installed,  the  following  mutual 
load  would  be  created  in  the  two  members: 


Methods  of  analysis  of  impact  loads  on  even 
the  most  simple  structures  are  extremely  com¬ 
plex.  Therefore  there  is  little  point  in  attempting 

*9  mothndfl  for  romnllratffri  ra- 

dome  shapes  and  radome  materials.  For  rough 
estimates  and  general  conclusions  of  theeffect  of 
various  impact  losdB.simpleealculatlnns  may  he 
made  using  the  basic  equations  of  energy  and 
forces  Involved  in  the  accelerations  of  bodies. 
These  equations  are  as  follows: 

Eit  ■  y  mv2  (0-43) 


F  =  ma  (6-44) 


(Ai  Ex  A2  E2) 

P  =  (a  x  -  a g) AT  -  (0-42) 

(Ax  Ex  +  A2  Eg) 


where  symbols  are  as  previously  noted. 

The  stress  created  may  be  calculated  by  the 
familiar  relation  of  P/A. 


6-32.  Impact 


where  E^ 
m 
v 
F 

a 


kinetic  energy,  foot  pounds 
mass,  slugs 

velocity,  feet  per  second 
force,  pounds 

acceleration,  feet  per  second 
per  second 


The  term  “impact”  Implies  a  striking  or  col¬ 
liding  force.  This  is  necessarily  a  short-time 
loading  condition  and  is  usually  associated  with 
a  small  area  of  loading.  Damage  resulting  from 
this  condition  therefore  usually  does  not  result 
in  total  failure,  but  local  or  superficial  damage 
only.  The  exception  to  this  may  be  the  case  of 
impact  with  a  large  or  heavy  object.  The  type 
of  failure  resulting  from  the  impact  of  small 
objects  will  be  by  bearing  or  crushing  of  solid- 
wall  radomes,  or  puncturing  or  separation  of 
the  skins  if  a  sandwich  wall  is  used.  Crushing 
of  the  core  of  Bandwlch  walls  is  also  commonly 
found. 


Impact  is  an  energy  phenomenon  in  which  the 
force  developed  by  the  impact  is  related  to  the 
rigidity  of  the  bodies,  the  masses,  and  the 
squares  of  the  velocities  of  the  two  bodies  be¬ 
fore  and  after  impact.  If  a  small  object  at 
high  speed  is  brought  completely  to  rest,  a 
considerable  amount  of  energy  may  be  released 
in  a  very  local  area.  If  the  object  is  large,  and 
at  high  velocity,  a  proportionate  amount  of 
energy  will  be  released,  but  over  a  larger  area. 
The  first  case  will  result  in  local  failure,  but 
the  latter  may  result  in  complete  disintegration 
of  the  structure. 


To  make  use  of  these  equations,  it  is  nec¬ 
essary  to  know  or  assume  the  mass  of  the 
striking  object,  the  impingement  angle,  the 
change  of  velocity  of  the  striking  object,  and 
the  area  over  which  the  load  will  be  spread.  It 
will  also  be  necessary  to  estimate  or  calculate 
the  distance  in  which  the  change  of  velocity  is 
brought  about.  This  will  be  the  total  of  the  deflec¬ 
tions  of  the  two  bodies  as  the  impact  load  builds 
up  to  its  maximum. 

It  is  apparent  that  an  analysis  of  this  nature 
can  only  produce  answers  of  a  very  general  na¬ 
ture.  It  is  recommended  that  experimental  stud¬ 
ies  be  made  if  moji  exact  data  is  needed.  It  is 
known  that  Lockheed  Aircraft  Corporation  has 
performeda  number  of  experiments  in  which  both 
actual  birds  and  simulated  hailstones  have  been 
hurled  at  panels  representing  radome  wall  con¬ 
figurations. 

Some  resistance  to  impact  may  be  obtained 
from  the  design  of  the  radome.  In  impact  re¬ 
sistance,  solid- wall  radomes  are  much  superior 
to  sandwich-wall  radomes  with  their  thin  skins, 
relatively  weak  core  materials,  and  the  tenden¬ 
cy  for  separation  between  the  faces  and  the 
core.  Even  the  sandwich-wall  radomes  can  be 
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improved, however, by  the  use  of  flexible  resins 
and  the  heaviest  possible  faces  and  core  materi¬ 
als.  This  unfortunately  may  compromise  elec¬ 
trical  performance. 

6-33.  Fatigue 

Requirements  for  withstanding  fatigue  are  un¬ 
usual  for  radomes,  since  fatigue  failures  are 
associated  with  a  large  number  of  loading 
cycles.  The  exception  will  be  the  radome  that 
Is  subjected  to  a  vibratory  loading  condition 
from  some  external  source, 

Since  many  radomes  are  used  for  gun  laying, 
one  of  the  most  usual  sources  of  vibration  will 
be  from  gun  fire,  the  loads  being  the  result  of 
muzzle  blast,  or  from  the  vibration  and  shock 
of  the  structure  to  which  the  guns  and  radome 
are  mounted.  Other  sources  of  vibration  may 
be  created  by  propellers  particularly  if  the 
radome  is  in  or  near  the  propeller  plane,  from 
the  sonic  blaBt  of  jet  engines  or  rocket  assist 
units,  from  aerodynamic  shock  waves,  or  from 
eddy  currents  in  the  air.  It  may  also  be  possible 
that  other  mechanisms  in  or  near  the  radome 
may  be  the  source  of  vibrations. 

The  fatigue  life  of  a  radome  will  depend  on 
the  nature  of  the  load,  the  number  of  cycles, 
the  mean  stress  level  of  the  radome  In  con¬ 
junction  with  the  stress  due  to  the  vibrating 
load,  and  the  nature  of  the  radome  wall  con¬ 
figuration  and  material.  Although  there  are  no 
stress  methods  available  for  a  rigorous  anal¬ 
ysis  of  the  problem  of  predicting  the  radome 
fatigue  Life,  the  following  discussion  of  the 
various  factors  mentioned  above  may  be  of 
some  help. 

Vibratory  loading  may  be  applied  directly  to 
the  radome  wall  In  the  form  of  pressure  waves, 
or  it  may  be  applied  to  the  radome  through  the 
structure  to  which  it  is  attached.  In  the  first 
case  the  loading  will  probably  be  carried  by 
the  radome  as  a  normal  load,  in  much  the  same 
'Ashton  as  a  pressure  loading.  If  the  vibratory 
l  ading  is  applied  to  the  radome  through  the 
structure,  the  loading  will  depend  on  the  nature 
of  the  vibrations  in  the  structure  itself.  The 
airframe  may  be  vibrating  in  the  plane  of  the 
radome  attachment,  normal  to  it,  or  a  combina¬ 
tion  of  both. 

The  effects  of  shock  waves,  eddy  currents,  and 
propeller  tip  vibrations  are  usually  unknown 
quantities,  since  every  aircraft  and  installation 
presents  new  and  different  problems,  A  con¬ 
siderable  amount  of  data  on  gun  blast  is  avail¬ 
able  which  will  allow  an  estimate  of  the  pres¬ 
sures  involved.* 5 


One  of  the  most  serious  loading  conditions  that 
can  be  imposed  on  a  radome  Is  to  expose  It  to 
sonic  blast  of  a  large  jet  engine.  Because  of  the 
weak  and  brittle  bonds  usually  associated  with 
rauome  construction,  and  the  constantly  In¬ 
creasing  power  of  engines,  accompanied  by  very 
high  noise  levels,  radomes  are  becoming  In¬ 
creasingly  critical  from  the  standpoint  of  resis¬ 
tance  to  sonic  vibrations. 

In  the  case  of  both  gun  blast  and  sonic  vibra¬ 
tion,  the  magnitude  of  the  condition  can  be  de¬ 
termined  with  a  fair  degree  of  accuracy.  It  is 
■uggested  that,  if  the  radome  appears  to  be  in 
the  critical  range,  laboratory  tests  be  conducted 
to  simulate  the  radome  and  the  loading,  and  thus 
determine  the  fatigue  life. 

The  number  of  cycles  of  vibration  to  which  the 
radome  will  be  subjected  may  usually  be  deter¬ 
mined  from  the  type  of  the  source.  For 
example,  if  the  vibration  under  consideration  is 
produced  by  propeller  tip  effect,  the  number  of 
blades,  the  average  revolutions  per  minute  of 
the  propellers,  and  the  service  life  desired  of 
the  airplane  or  radome  will  approximately  de-. 
termine  the  number  of  loads  to  which  the  part 
will  be  subjected. 

Likewise,  if  the  loading  source  is  muzzle  blast, 
the  expected  number  of  rounds  to  be  fired  can 
be  estimated  with  a  fair  degree  of  accuracy, 

The  number  of  cycles  of  load  is  not  as  impor¬ 
tant  a  consideration  as  is  the  degree  of  stress. 
Data  on  materials  show  S-N  (stress  to  number 
of  cycles  to  failure)  curves  plotted  on  logarith¬ 
mic  scales,  Indicating  that  a  small  reduction  in 
stress  level  will  allow  a  marked  Increase  in  the 
number  of  cycles  that  can  be  resisted.  Con¬ 
versely,  a  small  increase  in  the  vibratory 
stress,  or  an  increase  in  the  mean  stress  level 
of  the  radome,  while  It  is  being  subjected  to  the 
vibratory  load,  may  greatly  reduce  the  resis¬ 
tance  to  fatigue. 

The  material  and  construction  of  the  radome 
are  obviously  important  in  considering  the 
effect  of  fatigue.  A  solid-wait  radome  has  the 
usual  advantage  of  greater  shear  and  bending 
stiffness  for  the  same  thickness,  but  far  more 
Important,  it  does  not  utilize  the  very  weak  core 
material  and  face  bond  which  are  Inherent  in 
sandwich  walls.  Hence,  solid-wall  construction 
should  in  general  be  more  resistant  to  fatigue. 

Although  It  is  not  possible  to  present  a  great 
amount  of  data  on  the  fatigue  strength  of  vari¬ 
ous  radome  materials, data  presented  in  Refer¬ 
ence  16  may  be  of  interest  and  help.  Forest 
Products  Laboratory  Report  1823-A  shows  that 
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a  typical  glass-reinforced  polyester  laminate 
will  endure  a  9,000  pounds  per  square  inch  al¬ 
ternating  stress  for  10  million  cycles;  Report 
1559-C  shows  that  a  glass  fiber  reinforced 
honeycomb  material  exhibits  a  strength  of  42 
percent  of  static  strength  at  30,000  cycles;  and 
Report  15S9-J  shows  a  fatigue  strength  of  30 
percent  of  static  at  3S  imiliuu  tycluo  fur  uikyd- 
lsocyanate  foam. 

8-34.  Stress  Rupture 

Stress  rupture  is  a  failure  associated  with  a 
long  sustained  tensile  load.  Loads  of  this  nature 
are  usually  the  result  of  a  direct  air  loading,  or 
from  body,  wing,  or  empennage  bending.  The 
most  likely  case  Is  that  of  a  part  subjected  to  a 
fairly  high  degree  of  stress  from  a  direct  air 
load.  Another  case  might  be  that  of  a  wing 
outer  panel  insulator  section,  In  this  case  the 
stress  level  could  again  be  fairly  high  for  rein¬ 
forced  plastic  material. 

Reference  17  shows  that  a  stress  rupture  fail¬ 
ure  may  occur  at  60  percent  of  static  strength 
If  the  load  is  maintained  for  a  total  of  300  hours. 
Projecting  this  data  to  the  expected  life  of  the 
airframe  and  considering  the  effect  of  exposure, 
weathering,  and  elevated  temperatures,  which 
materially  affect  the  creep  strength  of  plastic 
materials,  it  is  seen  that  some  danger  can  exist 
from  stress  rupture.  Particular  attention 
should  be  accorded  an  application  where  the 
radome  is  to  be  subjected  to  a  relatively  high 
level  of  stress  over  a  long  length  of  time,  or  at 
intervals  of  sufficient  frequency  that  a  consider¬ 
able  amount  of  time  can  be  accumulated. 

Little  is  known  of  the  effect  of  stress  rupture 
on  sandwich  materials.  In  general,  it  can  be 
concluded  that  If  the  loading  Is  resisted  prin¬ 
cipally  by  the  faces,  the  values  for  laminates 
would  apply.  If  the  core  material  Is  loaded  in 
shear  or  flatwise  tension,  it  is  felt  there  is  con¬ 
siderable  cause  for  concern,  even  though  the 
sustained  stress  level  be  fairly  low.  In  this 
case  it  will  be  the  plastic  bond  Itself  that  will 


be  loaded,  and  some  concern  would  be  felt  for 
the  values  of  reduced  allowable  stress  over  that 
of  the  reinforced  material.  In  these  cases, 
tests  should  be  conducted  of  the  exact  materials 
and  construction  to  determine  allowable 
stresses  and  any  adverse  factors  that  may  exist. 

b-36.  creep 

The  tendency  of  plastic  materials  to  continue 
to  deflect  under  a  long-sustained  load  is  well 
known.  Paragraph  6-34,  Stress  Rupture,  dis¬ 
cussed  the  effect  of  long  sustained  tensile 
loads.  The  same  effect  is  noticed  if  the  mate¬ 
rial  is  loaded  either  In  compression  or  shear. 

The  rate  of  creep  of  metals  is  very  low,  or 
negligible,  except  at  elevated  temperatures, 
where  it  may  become  a  serious  problem.  Most 
of  the  plastic  materials,  however,  demonstrate 
definite  creep  even  at  room  temperatures.  This 
characteristic  may  be  expected  to  be  much  more 
severe  at  moderately  high  temperatures.  There 
is  little  data  available  for  design  purposes  for 
reinforced  plastic  materials,  particularly  for 
sandwich  construction. 

As  in  the  case  of  stress  rupture,  attention 
should  be  given  to  applications  where  the  stress 
level  can  be  expected  to  be  maintained  at  a  fair¬ 
ly  high  level,  and  where  high  or  moderately  high 
temperatures  can  be  expected  to  act  in  con¬ 
junction  with  the  streBB. 

Most  radomes  are  critical  for  instability  type 
failures  in  which  the  stresses  are  relatively 
tow.  If  the  radome  1b  resistant  to  buckling,  then 
it  may  be  operating  at  a  relatively  high  stress 
level.  A  combination  of  this  high  stress  and  an 
elevated  temperature  will  probably  constitute 
the  most  likely  case  of  instability  failure  due  to 
creep  buckling.  Since  these  criteria  apply  most 
often  to  sandwich-wall  radomeB,  it  is  suggested 
that  particular  attention  be  paid  to  this  config¬ 
uration,  and  that  special  consideration  be  de¬ 
voted  to  sandwich  walls  where  the  core  material 
may  be  highly  loaded  in  shear. 


SECTION  D.  ENVIRONMENTAL  DESIGN  CRITERIA 


6-36.  Icing  Control  —  General 

The  formation  of  Ice  on  the  aircraft  structure 
has  long  been  a  serious  problem  to  the  aircraft 
engineer.  The  spoiling  of  a  carefully  designed 
flight  surface  by  an  accumulation  of  ice  results 
In  a  loss  of  lift,  loss  of  control,  or  both.  In 
addition,  the  weight  resulting  from  the  load  cf 
Ice  contributes  to  the  difficulty  of  maintaining 


flight  and  control  and  creates  further  damage  by 
forming  on  and  breaking  antennas. 

Icing  is  caused  by  the  entry  of  a  cold  aircraft 
into  an  area  where  moisture  exists  in  the  form 
of  water  droplets  at  above-freezing  tempera¬ 
tures,  or  by  the  aircraft  entering  an  area  where 
the  droplets  are  existing  in  the  supercooled 
state.  The  obvious  answer  to  the  icing  problem 
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Is  to  avoid  areas  where  icing  may  take  place, 
but  operational  requirements  sometime?  pre 
ciude  this  possibility,  even  though  means  have 
been  found  to  accurately  locate  and  avoid  these 
areas. 

Since  the  advent  of  radar,  another  icing  prob¬ 
lem  has  been  created,  The  formation  of  ice  on 
radomes  proscribes  full  efficiency  and  perfor¬ 
mance  of  the  equipment,  from  both  the  stand¬ 
point  of  transmission  and  oeam  shift.  The  re¬ 
quirement  for  ice-free  radomes  creates  the 
need  to  either  prevent  ice  from  forming,  or  to 
be  able  to  remove  it  quickly  once  it  has  formed, 

The  search  for  methods  of  anti -icing  has  led 
to  numerous  proposals,  and  several  solutions, 
none  of  which  is  completely  satisfactory.  None 
have  gained  universal  acceptance. 

Ice  control  may  be  divided  into  two  classes  or 
types,  anti -icing  and  de-icing.  Anti-icing  meth¬ 
ods  attempt  to  prevent  the  formation  of  ice.  De¬ 
icing  techniques  remove  the  ice  once  it  is 
formed.  It  is  apparent  that  all  things  being 
equal,  the  anti-icing  method  will  be  preferable 
from  the  standpoint  of  radar  performance. 

Of  the  many  approaches  to  the  problem  of  ice 
control  on  radomes,  only  four  methods  are  con¬ 
sidered  here.  Of  these  four,  only  three  are 
known  to  have  been  successfully  used  on  air¬ 
craft  installations. 

6-37.  Icing  Control  -  Rubber  Boot 

The  use  of  rubber  boots  on  the  leading  edges 
of  wing  and  empennage  surfaces  is  a  tried  and 
proved  method  of  ice  removal.  It  is  not  unex¬ 
pected,  therefore,  to  find  this  method  in  use  on 
radomes  for  the  same  purpose. 

The  late  acceptance  of  the  expanding  rubber 
boot  was  probably  due  to  the  fact  that  early 
radomes  were  almost  Invariably  fabricated  of 
sandwich  construction.  It  was  felt  that  the 
losses- created  by  the  electrical  unbalance  of 
the  thick  layer  of  rubber  would  be  unacceptable, 
even  in  Its  retracted  state,  to  say  nothing  of  the 
complications  imposed  while  the  segments  were 
In  the  act  of  expanding  and  contracting;  also 
earlier  boot  materials  were  excessively  lossy. 

Advanced  methods  of  electrical  design  have 
made  the  boot  more  compatible  with  the  radome 
wall  design.  In  addition,  the  electrical  require¬ 
ments  of  new  designs  are  causing  more  and 
more  radomes  of  solid  wall  construction  to  be 
produced,  The  solid-wall  (half-wave)  radome 
is  much  more  compatible  to  the  use  of  a  boot 
than  Is  the  sandwich  wall.  For  these  reasons 


the  boot  can  be  expected  to  grow  in  favor,  par¬ 
ticularly  for  aoiiri-wail  radomes. 

Some  of  the  advantages  and  disadvantages  of 
rubber  bool  installations  lor  de-icing  are  listed 
and  discussed  below: 

Advantages. 

a.  The  expandible  rubber  boot  is  a  proved  and 
effective  way' of  removing  ice  from  the  surface 
of  the  radome. 

b.  The  boot  serves  as  an  excellent  cover  for 
protecting  the  radome  from  damage  by  flying 
rocks  or  other  debris,  and  from  handling.  Un¬ 
fortunately,  however,  the  boot  is  ineffective  in 
preventing  damage  from  hail. 

c.  Since  most  aircraft  are  equipped  with  both 
a  pressure  and  a  vacuum  system,  and  since 
flow  rates  are  relatively  low  in  operation,  the 
cost  in  both  dollars  and  weight  is  likely  to  be 
less  for  a  boot  installation  than  for  any  other 
type. 

d.  The  boot  serves  as  an  excellent  surface  to 
prevent  rain  erosion.  Since  most  radome  in¬ 
stallations  require  the  use  of  araln-erosion-re- 
sistant  surface,  the  boot  eliminates  the  necessity 
for  the  special  coating.  Since  the  boot  is  much 
thicker  and  more  durable,  frequent  replacement 
of  the  rain-erosion  material  is  avoided, 

Disadvantages, 

a.  The  boot  has  a  deleterious  effect  on  radar 
performance  regardless  of  efforts  to  minimize 
its  presence.  The  effect  while  in  operation  is 
practically  impossible  to  predict. 

b.  The  boot  can  be  used  only  for  de-icing; 
that  is,  it  must  allow  a  certain  amount  of  ice  to 
accumulate  before  removal  can  take  place.  The 
Ice  layer,  even  though  it  is  thin,  may  be  ex¬ 
pected  to  have  an  adverse  effect. 


6-38.  Icing  Control  -  Antl-lclng  Fluid 

Anti-Icing  fluid  has  been  used  for  a  number  of 
years  for  anti-icing  measures  on  propellers  and 
windshields.  Note  that  In  both  cases  the  forma¬ 
tion  of  ice  to  any  appreciable  extent  cannot  be 
tolerated. 

As  in  the  case  of  the  rubber  boot,  this  method 
of  ice  control  was  ignored  for  a  considerable 
period  of  time  in  thesearchfor  methods  of  anti- 
icing  radomes. 
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Advantages, 

a.  Because  most  aircraft  are  equipped  with 
an  antl-iclng  system,  the  added  weight  and  com¬ 
plexity  of  the  system  Itself  is  not  great. 

b.  This  system  of  preventing  ice  formation 
has  been  demonstrated  to  be  effective  through 
many  years  of  service. 

Disadvantages, 

a.  Adverse  electrical  effects  are  produced  by 
the  nozzles  and  fluid  lines  conducting  the  fluid 
to  the  nose  of  the  radome,  and  possibly  by  the 
fluid  Itself, 

b.  The  system  can  only  be  used  to  antl-lce  as 
long  as  antl-lclng  fluid  Is  available.  When  the 
fluid  Is  used  up,  the  system  is  inoperative, 

c.  If  sufficient  fluid  Is  carried  aboard  for  the 
worst  conditions  that  may  ever  be  encountered, 
the  weight  of  the  fluid  may  become  an  adverse 
factor. 

d.  Some  doubt  may  exist  as  to  the  distribution 
of  the  fluid  at  various  speeds  and  angles  of 
attack  of  the  aircraft.  This  may  entail  a  con¬ 
siderable  amount  of  wind  tunnel  or  flight  testing 
to  insure  proper  operation  of  the  system. 

e.  There  Is  also  some  possibility  that  the 
nozzle  may  become  Iced  over  prior  to  Its  being 
actuated,  thereby  preventing  fluid-spray  action 
in  flight. 

0-39.  Icing  Control  —  Hot-Air  System 

The  hot-air  system  for  anti-icing  the  leading 
edges  of  wing  and  empennage  surfaces  has  grad¬ 
ually  been  adopted  by  the  majority  of  aircraft 
manufacturers,  thus  replacing  the  familiar 
rubber  boots  serving  the  same  purpose.  This 
point  may  be  worth  consideration  in  any  com¬ 
parison  of  the  two  systems  for  ice  control  of 
radomeB.  As  In  the  case  of  the  boot  and  the 
anti-icing  fluid  system,  hot  air  is  always  avail¬ 
able  In  the  aircraft,  although  not  always  at  the 
point  In  the  aircraft  where  It  Is  convenient  for 
use.  The  fact  that  hot  air  was  not  adopted  for 
anti-icing  radomes  at  the  outset  of  the  search 
was  because  there  was  no  known  practical 
method  of  fabricating  ducted  core  material  for 
the  manufacture  of  radomes,  and  also  because 
early  plastic  resins  would  not  stand  the  tem¬ 
perature  necessary  to  transmit  the  required 
heat  through  the  insulating  skins,  The  develop¬ 
ment  of  the  lost  wax  method  of  fabrication  of  the 
core  material  by  Douglas  Ain  ift,  and  the  suc¬ 
cessful  molding  of  fluted  core  \  matched  metal 


dies  by  North  American  Aircraft,  opened  the 
way.  In  operation,  both  types  of  construction 
employ  a  circulation  of  hot  air  distributed  and 
collected  by  the  proper  manifolding  system, 

Advantages. 

a.  The  method  has  been  demonstrated  as  sat¬ 
isfactory  In  service  in  prevention  of  ice  forma¬ 
tion  on  leading  edges  and  surfaces,  as  well  as 
radomes. 

b.  Very  little, or  minimum,  upkeep  and  main¬ 
tenance  Is  required. 

c.  Generally  speaking  no  sacrifices  in  elec¬ 
trical  properties  or  performance  may  be  anti¬ 
cipated. 

Disadvantages, 

a.  To  obtain  good  heat  transfer  through  the 
wall,  the  skin  must  be  very  thin,  thus  making  it 
subject  to  easy  damage  and  costly  repair.  This 
has  proved  to  be  serious  In  some  cases, 

b.  The  method  is  applicable  only  to  sandwich 
radomes.  This  is  no  disadvantage  If  a  sandwich 
is  desired  for  other  reasons. 

c.  Repair  methods  are  difficult,  and  cannot 
normally  be  completed  In  the  field. 

d.  Due  to  the  large  quantities  of  heat  required 
to  maintain  proper  skin  temperatures,  a  large 
airflow  is  needed. 

e.  Because  the  fiuteB  have  shear  continuity  In 
only  one  direction,  It  is  almost  always  necessary 
to  employ  a  double  sandwich  construction  to 
provide  sufficient  physical  strength.  This  sig¬ 
nificantly  increases  radome  weight  and  cost. 

f.  The  hot  air  reduces  the  physical  properties 
of  the  reinforced  plastic  material,  thus  aggra¬ 
vating  any  stress  problem. 

0-40,  Icing  Control  —  Internal  Heating 

The  method  of  heating  the  interior  face  of  the 
radome,  either  from  radiant  heat  or  from  heat¬ 
ing  the  air  in  the  entire  cavity  has  been  used 
only  on  very  targe  ground  radomes  of  the  thin- 
wall,  rubber,  air-supported  type,  where  radiant 
heat  from  infrared  lamp  banks  was  employed. 

No  known  Installation  using  this  method  has 
been  employed  for  aircraft  radomes.  The  thin 
walls  required,  and  the  amount  of  electrical 
energy  consumed  are  not  compatible  with  air¬ 
craft  design  requirements. 
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Advantages, 

a.  The  complexity  of  the  system  Is  of  the  very 
lowest  order. 

Disadvantages, 

a.  The  method  can  be  practical  only  If  the 
rador  *  wall  Is  of  the  thin  solid-watl  type.  This 
Is  no  disadvantage  If  the  wall  was  selected  to  be 
this  type  for  other  reasons, 

b.  The  radar  equipment  housed  within  the 
radome  wall  will  have  definite  limitations  of 
temperature  to  which  it  can  be  exposed.  It  may 
be  difficult  to  prevent  this  equipment  from  be¬ 
coming  over  heated. 

c.  Heat  obtained  from  infrared  bulbs  is  very 
expensive. 

d.  If  the  heat  is  obtained  through  heating  the 
entire  quantity  of  air  in  the  cavity,  the  rate  of 
heat  transfer  from  the  air  to  the  radome  wall 
Will  be  very  low  unless  some  method  for  pro¬ 
viding  high  turbulence  or  flow  is  provided. 

0-41,  Precipitation  Static 

Precipitation  static  is  produced  by  the  accum¬ 
ulation  and  discharge  of  high  potential  electric¬ 
ity.  As  the  aircraft  sweeps  through  the  air  it 
encounters  charged  particles  which  release 
their  energy  to  the  structure.  When  a  sufficient 
potential  has  been  attained,  a  discharge  takes 
place.  To  prevent  the  discharge  from  Inter¬ 
fering  with  the  operation  of  electronic  equip¬ 
ment,  the  aircraft  will  be  equipped  With  static 
dischargers.  These  devices  gradually  discharge 
any  accumulation  of  energy  to  the  air  at  low 
potential. 

On  nonconductlve  surfaces,  such  as  radomes, 
the  charges  collected  cannot  transfer  to  the 
aluminum  structure  of  the  aircraft  without  local 
discharges,  These  discharges  adversely  affect 
the  performance  of  the  radar  system.  For  this 
reason,  conductive  coatings  are  sometimes 
applied  to  the  radome.  Such  coatings  are  gen¬ 
erally  of  elastomeric  type  and  similar  to  that 
used  for  rain-erosion  protection.  The  resis¬ 
tance  of  these  materials  is  somewhat  unstable, 
changing  with  age  and  weathering,  and  as  a  re¬ 
sult  they  are  not  completely  satisfactory. 

6-42.  Lightning 

Many  lightning  strikes  on  aircraft  radomes 
have  been  reported.  Although  Intense  heat  may 
be  generated  and  high  local  pressure  waves 
created,  the  damage  may  not  be  as  serious  as 


might  be  expected.  The  danger  apparently  lies 
in  the  generat  weakness  of  the  radome  itself. 

The  photograph  presented  to  show  typical 
damage,  Figure  6-29,  shows  that  the  damage  is 
of  a  local  nature,  and  that  the  hi«»t  pr»;;i;r?  did 
not  cause  a  general  collapse  of  the  radome.  It 
follows,  therefore,  that  if  the  rAdome  has  some 
margin  of  safety  in  strength,  it  may  suffer  local 
dAmage  and  still  complete  the  flight  without  total 
failure.  Since  aircraft  ire  designed  for  speeds 
far  in  axcess  of  those  at  which  they  a»s  nor¬ 
mally  operated,  it  is  unlikely  that  a  radome 
would  be  subjected  to  a  lightning  strike  and  a 
subsequent  maximum  dive  speed  in  the  same 
flight. 

Lightning  protection  is  generally  not  used  on 
aircraft  radomes.  On  some  antenna  covers  dis¬ 
continuous  strips  of  metal  or  metal  spray  ma¬ 
terial  are  utilized  to  conduct  the  electrical 
charge  into  the  airframe  structure.  A  strip  of 
metal  attached  to  the  airframe  and  the  radome 
(or  instrumentation  boom)  is  effective  in  pro¬ 
viding  protection  against  lightning  strikes. 


A  radome  maybe  subjected  to  moisture  either 
by  direct  exposure  to  water,  or  to  exposure  to 
the  moisture  in  the  air.  Under  conditions  of 
high  relative  humidity  and  altitude  cycling,  the 
absorption  of  moisture  from  the  air  may  be  much 
greater  than  that  which  can  be  picked  up  even  by 
immersion  in  water. 


Flgun  4-29.  Lightning  Strilcn  on  a  Smalt  Rad ama 

6-43.  Moisture 
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Moisture  absorption  will  result  in  a  decrease 
in  electrical  performance  and  a  degradation  of 
the  physical  properties  of  glass-reinforced 


plastic  materials  usually  used  in  radome  con¬ 
struction.  This  is  particularly  true  of  the 
honeycomb  core  material  which  is  essentially 
thin.  Reinforcing  materials  other  than  glass 
fibers  almost  universally  have  much  greater 
tendency  to  moisture  absorption  than  do  the 
glass  fibers. 

Moisture  absorption  of  alkyd-lsocyauate  foaui- 
core  material  is  relatively  low  because  of  the 
unicellular  construction  of  the  bubbles.  .Exper¬ 
iments  performed  by  Zenith  Plastics  show  that 
foam-core  radomes  with  holes  drilled  at  fre¬ 
quent  Intervals  through  the  inner  face,  will  not 
absorb  enough  water  In  direct  contact  to  notice¬ 
ably  affect  radar  transmission.  These  tests 
were  performed  by  so  drilling  a  radome  and 
leaving  it  filled  with  water  for  a  period  of  24 
hours.  The  water  was  then  removed  and  the 
surface  wiped  dry.  The  electrical  tests  were 
performed  immediately  afterward. 

The  following  table  o.  physical  properties  of 
wet  and  dry,  glasB  fiber,  reinforced  polyester 
resin  laminates  is  presented  to  illustrate  the 
loss  of  strength  due  to  moisture  absorption. 
These  values  were  determined  for  laminates  of 
181  glasE  cloth  with  garan  finish  and  polyester 
resin,  and  at  zero  degrees  to  the  warp. 


Tensile  Strength, 
pounds  per  square 
inch 


43,000 


40,000 


Compressive  Strength,  43,000  34,000 

pounds  per  square 

Inch 

Tensile  Modulus,  2.5  x  10®  2.4  x  10® 

pounds  per  square 

inch 

Compressive  Modulus,  3.4  x  10®  3.1  x  10® 

pounds  per  square 

inch 

Additional  data  is  given  in  Chapter  8  ana  in 
Figure  6-30,  which  shows  the  percentage  of 
strength  retention  of  a  polyester  laminate  for 
tension  and  compression  stresses  at  45°  and 
90°  to  the  warp  direction  of  the  fibers.  This 
data  also  shows  the  effect  of  time  of  exposure. 

Recent  advances  in  the  field  of  finishes  for  the 
glass  fibers  have  materially  increased  the  re¬ 
sistance  to  moisture  absorption  and  loss  of 


days  ot  exposure  to  KX)  percent  relative  humidity  at  70”  F 


Flqvro  6—30.  Dry  Property  Rmtomtion  Vinui  Days  ol  Enpoouro  to  100  Porcont  Rolatlv*  Humidity 
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strength.  The  data  presented  In  Figure  6-30 
and  in  the  previous  table  was  based  on  the  use 
of  the  improved  finishes. 

The  reduction  in  strength  of  glass  cloth  honey- 

rnmh  materia)*  te  »vn*£teH  to  b*  In  th“ 

order  of  SO  percent.  This  fact,  along  with  the 
loss  of  electrical  transmission,  requires  that 
core  materials  be  protected  from  moisture 
absorption  to  the  greatest  degree  possible. 

As  an  aircraft  climbs  from  a  warm,  moist  sea 
level  environment  into  the  cold  and  rarified  air 
of  high  altitudes,  any  moisture  in  the  cells  con¬ 
denses  into  water  and  subsequently  freezes.  If 
the  faces  of  the  sandwich  are  porous,  the  pres¬ 
sure  In  the  cells  will  be  greatly  reduced.  As 
the  aircraft  returns  to  lower  levels,  mere 
warm,  moist  air  will  flow  into  the  cells.  After 
repeated  cycles  of  this  nature,  the  cells  may  be 
found  to  contain  large  amounts  of  water,  which 
will  adversely  affect  both  the  electrical  and 
physical  properties  of  the  radome. 


volatiles  from  the  wet  layup  before  cure,  result¬ 
ing  in  a  virtually  nonporous  laminate.  Cycling 
tests  of  reinforced  plastic  laminate  faces  made 
by  void-free  techniques  approved  by  ihis  speci¬ 
fication  have  shown  adequate  resistance  to 


If  a  totally  wet  laminate  1b  allowed  to  dry,  its 
physical  and  electrical  properties  will  return  to 
normal.  However,  exposure  of  the  glass  cloth 
materials  to  moisture  before  impregnation  with 
resin  may  result  in  permanent  loss  of  strength. 


6-44.  Nuclear  Radiation 

There  Is  little  definitive  data  on  the  effect  of 
nuclear  radiation  on  reinforced  plastic  lami¬ 
nates.  Degradation  of  polyester  laminates 
after  prolonged  exposure  to  gamma  radiation 
has  been  noted.  The  improvement  in  thermal 
properties  of  such  plastics  as  polyethylene  by 
radiation  is  due  to  molecular  :ross  linking.  Un¬ 
fortunately  polyester  polyme.-s  cannot  be  further 
modified  in  such  fashion. 


Recent  changes  in  specifications  for  sandwich 
construction  have  created  requirements  for 
sandwich  faces  of  radomes  to  be  "void-free.” 
This  process,  originally  developed  by  Goodyear 
Aircraft  Corporation,  is  a  fabrication  technique 
for  removal  of  entrapped  air  or  residual 


Although  little  Information  is  currently  avail¬ 
able  on  the  effect  of  nuclear  radiation  on  rein¬ 
forced  plastic  materials,  It  is  known  that  re¬ 
search  on  this  subject  is  being  prepared  at  this 
time.  The  investigators  include  Lockheed  Air¬ 
craft  Corporation,  Convalr,  and  perhaps  others. 


SECTION  E.  STATIC  TESTING* 


6-45.  Fixtures  for  Static  Testing 

The  external  loads  applied  to  a  part  must  be 
balanced  by  the  reacting  loads  from  the  struc¬ 
ture  to  which  the  part  is  attached.  It  is  impor¬ 
tant,  therefore,  that  the  fixtures  on  which  the 
part  is  to  be  mounted  for  static  testing  simulate 
as  closely  as  possible  the  actual  structure  that 
supports  the  part,  if  the  structure  cannot  be 
duplicated  for  the  static  test  fixture,  then  a 
careful  study  of  the  reacting  forces  should  be 
made,  and  a  static  test  fixture  designed  to  du¬ 
plicate  the  method  of  load  transfer.  This 
method  will  usually  reflect  the  data  gained  from, 
and  made  a  part  of,  the  stress  analysis  of  the 
structure  Invo'ved. 


In  attempting  to  simulate  the  actual  structure, 
it  is  usually  considered  sufficient  to  duplicate 
the  rigidity.  This  unfortunately  creates  another 
problem.  A  structure  that  is  comparable  to 
another  from  the  standpoint  of  rigidity  will,  in 
all  probability,  be  comparable  in  strength.  A 
great  many  embarrassing  situations  have  devel¬ 
oped  as  a  result  of  this  situation,  caused  by  a 
failure  of  the  supporting  structure  before  the 
part  under  test  has  failed.  To  insure  that  the 
part  being  tested  will  fall  before  the  fixture 
fails,  it  is  common  practice  to  design  the  static 
test  fixture  to  have  a  margin  of  strength  of 
several  hundred  percent  over  that  of  tne  part. 

The  difficulty  lies  in  making  a  design  com¬ 
patible  with  both  the  requirements  to  duplicate 


’The  term  "static  testing”  is  applied  to  those  tests  where  an  actual  part  is  subjected  to  loading 
systems  similar  or  equivalent  to  those  that  it  will  encounter,  or  be  expected  to  encounter,  in  ser¬ 
vice.  Other  tests,  performed  on  samples  to  determine  physical  properties,  for  example,  will  be  re¬ 
ferred  to  as  "mechanical  tests,”  or  "environmental  tests.” 
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as  closely  as  possible  the  rigidity  of  the  struc¬ 
ture,  and  yet  retain  a  sufficient  margin  of 
strength  to  insure  a  proper  test  of  the  ultimate 
strength  of  the  part. 

Another  point  that  should  be  given  careful  at¬ 
tention  is  the  matter  of  deflection.  In  addition 
to  the  data  that  will  be  gathered  in  regard  to  the 
suengui  ui  the  part,  it  is  usually  of  great 
importance  to  gather  proper  deflection  data.  A 
supporting  structure  that  is  very  flexible  may 
not  only  support  the  part  improperly  but  also 
make  it  extremely  difficult  to  gather  good  de¬ 
flection  data.  This  data  will  probably  entail 
overall  deflections,  and  deflections  of  one  part 
with  respect  to  another  part  or  area. 

The  deflection  readings  that  are  to  be  taken 
should  be  determined  before  the  design  of  the 
fixture  is  undertaken  so  that  ample  provisions 
may  be  made  in  the  design  for  ease  and  accu¬ 
racy  of  measurements. 


6-46,  Methods  of  Load  Application 


Weights.  The  simplest  method  of  applying  a 
static  test  load  is  by  means  of  weights.  For 
convenience,  the  weights  are  usually  in  the  form 
of  small  bags  filled  with  sand  or  Lead  shot. 
Weights  range  from  10  to  25  pounds.  The  bag 
itself  is  usually  constructed  of  canvas. 


Some  of  the  other  advantages  of  this  method  of 
loading  are  the  uniform  loading  or  pressure  ob¬ 
tained,  the  ease  of  distribution  of  load,  the  abil¬ 
ity  to  duplicate  varying  pressure  or  load,  and 
the  ability  to  add  and  remove  load  very  slowly 
and  precisely.  In  addition,  there  is  very  little 
expense  Involved  In  equipment  and  maintenance. 

The  disadvantages  of  the  system  are  that  load¬ 
ing  must  necessarily  be  slow,  and  that  catas¬ 
trophic  (total)  type  failures  are  produced.  It  Is 
not  possible  to  remove  the  load  suddenly  to  save 
the  part  being  tested  from  total  destruction,  In 
some  cases  it  may  be  absolutely  necessary  to 
prevent  total  failure  of  the  part,  in  which  case 
supports  may  be  placed  under  the  test  specimen 
and  gradually  removed  aa  the  part  deflects 
under  increasing  load. 

It  should  be  pointed  out  that  there  is  some 
element  of  danger  In  applyiug  large  amounts  of 
load  by  means  of  weights.  A  sudden  and  unex¬ 
pected  collapse  of  the  part  may  precipitate  an 
avalanche  of  weights  on  the  test  engineers. 


Another  disadvantage  of  using  weights  is  the 
lack  of  uniform  distribution  of  load  if  the  height 
of  the  bags  becomes  appreciable.  Ae  the  height 
increases,  and  the  part  deflects,  It  can  be  seen 


that  bags  tend  to  lean  against  each  other ,  and 
distribute  the  load  towards  the  supports,  the 
areas  that  are  not  deflecting.  This  tendency 
will  prevent  the  actual  bending  momenta  and 
shears  from  reaching  the  values  calculated. 

It  Is  also  apparent  that  the  method  is  suitable 
only  for  loading  fairly  flat  and  horizontal  sur¬ 
faces,  and  that  the  direction  of  load  must  nec¬ 
essarily  be  downward.  This  seriously  handicaps 
the  versatility  of  the  method. 

Hydraulic  Jacks,  Hydraulic  jacks  are  very 
commonly  used  ae  a  method  of  applying  static 
load.  The  load  la  easily  measured  and  con¬ 
trolled,  and  sudden  failure  of  the  part  does  not 
necessarily  mean  that  complete  destruction  of 
the  part  will  take  place.  The  load  may  be  either 
suddenly  applied  or  removed  at  will. 

Load  is  applied  to  the  part  either  directly 
through  pads,  or  by  a  whiffletree  arrangement 
with  cables.  In  the  case  of  the  whiffletree  and 
cable  arrangement,  the  load  can  only  be  applied 
in  tension,  since  cables  are  incapable  of  carry¬ 
ing  compression.  This  may  on  occasion  require 
a  complicated  arrangement  of  jacks  and  holes 
through  the  part  Itself  to  provide  passage  for  a 
cable  to  apply  load  In  the  right  direction.  The 
development  of  high-strength,  reliable  adhesive 
systems  has  greatly  aided  in  attaching  pads  to 
the  structure  to  be  tested. 

Air  Pressure.  Air  pressure  is  a  very  versa¬ 
tile  tool  in  static  testing.  Loads  may  be  applied 
either  by  ambient  pressure  created  by  vacuum, 
or  by  pressure  contained  by  inflatable  bags. 

The  use  of  several  bags  will  allow  excellent 
distribution  of  load.  The  loads  are  measurable 
to  very  close  limits  by  means  of  simple  manom¬ 
eter  tubes,  and  can  be  applied  rapidly  or  slow¬ 
ly  as  required.  Total  failure  of  the  part  will 
not'  result  if  the  bag  Itself  will  restrain  the 
pressure  after  a  given  amount  of  deflection  has 
been  provided  for. 

If  high  pressures  are  Involved,  falture  of  the 
part  may  release  a  very  dangerous  amount  of 
energy.  Th';,  is  particularly  true  ii  the  volume 
of  air  being  used  is  large.  If  no  bag  is  provided 
for  restraint,  a  catastrophic  failure  may  take 
place,  both  in  the  part  and  in  the  general  vicinity 
of  the  test  setup. 

Considerable  difficulty  has  been  encountered 
in  using  vacuum  pressure  for  loading  from  the 
standpoint  of  leakage.  Since  the  maximum  pres¬ 
sure  that  can  be  attained  from  this  method  is  in 
the  order  of  14  pounds  per  square  inch,  it  is 
usually  necessary  to  provide  a  high  degree  of 
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vacuum.  Since  most  vacuum  sources  are  of  the 
low  flow  type,  small  leaks  can  result  in  inability 
to  develop  the  vacuum  needed. 

Another  disadvantage  of  the  vacuum  system  is 
the  inability  to  continue  the  test  to  failure  If  the 
part  turns  out  to  be  stronger  than  expected.  For 
example, if  10 pounds  per  square  inch  vacuum  is 
required  for  failure  by  calculation,  then  an  over¬ 
load  of  only  approximately  40  percent  can  be  ap¬ 
plied  before  the  test  must  be  discontinued.  The 
art  of  stress  analysis  is  not  sufficiently  developed 
to  avoid  this  situation,  particularly  on  radomes 
of  reinforced  plastic  material. 

Water  Pressure.  Water  may  be  used  to  pro- 
vide  tremendous  pressures  and  loads,  without 
the  danger  of  air,  due  to  Its  lack  of  compressi¬ 
bility,  The  load  may  be  applied  simply  as  a 
weight,  as  shown  In  Figure  6-31,  or  may  be  used 
simply  as  the  medium  to  transmit  pressure. 

In  the  latter  case,  the  pressure  on  the  water 
may  very  conveniently  be  produced  by  the  use 
of  a  standpipe  to  produce  the  proper  head.  It  Is 
also  noted  that  water,  or  other  liquid,  has  the 
unique  property  of  creating  a  varying  pressure, 
dependent  on  the  depth.  This  factor  can  occa¬ 
sionally  be  used  to  great  advantage.  See  Figure 
6-32. 

Water  is  normally  slow  to  loadand  unload,  and 
requires  the  use  of  bags  to  contain  it.  It  does 
not  lend  Itself  to  easy  distribution  and  control. 

6-47.  Static  Teats  at  Elevated  Temperature 

The  Increased  velocity  of  aircraft  creates  ele¬ 
vated  temperatures  in  its  components,  This  has 
led  to  the  necessity  of  testing  radomes  while  the 
material  is  hot,  or  being  heated.  This  latter 
case  is  for  the  condition  of  thermal  shock.  An 
examination  of  the  physical  properties  of  rein¬ 
forced  plastic  materials  will  show  that  small  in¬ 
creases  in  temperature  above  room  temperature 
values  will  result  In  very  appreciable  degrada¬ 
tion  in  the  strength  of  the  part. 

Some  attempts  have  been  made  to  avoid  test¬ 
ing  structures  at  elevated  temperature  by  the 
reduction  of  test  data  taker;  at  room  tempera¬ 
ture  .  This  method  involves  knowing  the  physical 
properties  of  the  material  at  both  room  temper¬ 
ature  and  the  elevated  temperature.  The  falling 
load  at  elevated  temperature  Is  calculated  by 
the  use  of  this  strength  ratio. 

If  the  part  being  tested  is  critical  for  one 
mode  of  failure  only,  this  method  may  be  suit¬ 
able.  Knowing  the  mode  of  failure,  the  values 
of  the  critical  physical  properties  may  be  de- 


Plgvra  4-31.  Loading  Pradvcad  on  a  Larga  Radoma 
hy  a  Haight  at  Hatar 


termined  to  calculate  the  amount  of  reduction 
required.  If  the  mode  of  failure  Is  not  known, 
then  the  static  test  Is  required  at  elevated  tem¬ 
perature,  not  only  to  determine  the  fatting  load 
but  the  mode  of  failure  as  well,  The  reason  for 
this  is  that  the  various  physical  properties  of 
reinforced  plastic  materials  are  not  reduced  by 
the  same  percentage.  For  example,  compres¬ 
sive  strength  is  reduced  more  by  elevated  tem¬ 
peratures  than  is  tensile  strength,  and  strength 
is  reduced  more  than  rigidity,  as  axpressed  by 
Young’s  Modulus.  Thus,  a  part  may  fail  by  in¬ 
stability  buckling  at  room  temperature  and  by 
face  compressive  stress  at  elevated  tempera¬ 
ture. 

It  is  unfortunate  that  stress  analysis  of  radome 
shapes  and  radome  materials  Is  not  usually  suf¬ 
ficiently  precise  to  predict  accurately  even  the 
mode  of  failure  that  may  take  place.  For  the 
reasons  cited,  It  Is  strongly  recommended  that 
static  tests  be  conducted  at  the  temperature  at 
which  the  part  Itself  is  expected  to  operate.  If 
proof  testing  la  desired,  it  may  then  be  done  at 
room  temperature,  with  loads  based  on  the  fail¬ 
ing  load  and  mode  of  failure  determined  in  the 
destruction  test. 

The  most  common  method  of  static  testing  at 
elevated  temperature  is  to  place  the  entire  as¬ 
sembly  into  a  large  oven  and  bring  it  to  the 
proper  temperature.  Although  this  method 
appears  to  be  very  simple,  It  involves  a  great 
amount  of  problems  not  normally  associated 
with  testing. 

v  The  high  temperatures  provide  unwanted  teBts 
of  the  fixtures  and  loading  methods  as  well  as 
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distribution 


ftfvr*  t-Ji.  Until* |  PnWncW  an  a  Larfa  ftaWwaa  iy  lhlm§  Wmtmr  fa  Tnntmlt  Pradur* 


for  th*  partltself,  Deflections  are  usually  more 
difficult  to  read  or  require  more  elaborate  ln- 
■trumentation.  Close  observation  at  the  part 
while  under  load  and  while  load  changes  are  dif¬ 
ficult.  Windows  In  the  test  oven  are  a  necessity, 
and  field  glasses  or  other  optical  Instruments  are 
helpful.  High-temperature-resistant  micro¬ 
phones  Installed  on  the  part  are  useful  for  listen- 
lngfor  sr".  ids  of  failure,  but  it  should  be  remem¬ 
bered  that  at  the  elevated  temperatures,  rein¬ 
forced  plastic  materials  tend  to  yield  and  fall 
without  the  loud  noises  usually  associated  with 
Imminent  failure.  It  has  been  found  that  a  man  can 
enter  an  oven  at  290°  F  for  short  periods  of  time 
without  harmful  effects.  The  limit  of  endurance 
Is  not  known,  either  as  to  degree  of  temperature, 
or  to  time  the  heat  can  be  endured.  It  is  apparent, 


however,  that  full  and  accurate  examination  of 
the  part  is  not  likely  under  these  circumstances. 

Other  methods  of  applying  heat  while  the  part 
is  being  loaded  are  resistance  heating  blankets, 
and  infrared  lamps.  Both  of  these  methods  will 
allow  the  test  engineer  close  proximity  to  the 
part,  and  the  use  of  lampa  will  allow  good  visi¬ 
bility  as  well.  Although  little  experience  is 
available  on  these  methods,  it  is  expected  that 
the  use  of  ovens  for  all  temperature  testing  wilt 
be  most  satisfactory,  and  that  the  use  of  Infra¬ 
red  lamps  will  provide  the  best  method  of  creat¬ 
ing  temperature  changes  In  the  part  while  under 
load,  or  simply  testing  for  thermal  shock.  Ex¬ 
perience  has  shown  that  rapid  changes  in  tem¬ 
perature  cannot  be  produced  in  an  oven  unless 
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a  high  velocity  of  air  flow  can  be  attained  over 
the  part. 

C-tS,  inaumnentation 

The  purpose  of  static  testing  is  to  determine 
if  a  part  will  carry  a  prescribed  load  without 
failure,  or,  in  some  cases,  to  determine  the  ul¬ 
timate  load  the  part  can  withstand  before  failure 
occurs,  In  addition  to  the  load-carrying  ability 
of  the  structure,  the  stress  engineer  may  desire 
to  know  the  stress  distribution  in  various  areas 
of  the  part  and  the  deflection  history  that  takes 
place  as  the  part  la  loaded.  He  also  may  re¬ 
quire  temperature  data  if  the  part  is  being 
tested  at  elevated  temperatures. 

For  the  record,  and  for  purposes  of  applying 
load,  it  will  be  necessary  in  many  cases  to 
measure  pressure,  either  of  a  liquid  or  of  a  gas. 
The  types  of  Instrumentation  required  to 
measure  the  type  of  data  noted  above  are  very 
briefly  discussed  below. 

Stress.  Stress  may  be  measured  by  el  ctrlcal 
strain  gages.  These  devices  are  applied  to  the 
part  to  be  tested  with  an  adhesive  and  receive 
the  same  strain  under  load  as  the  area  of  the 
part  to  which  they  are  attached.  Since  stress  is 
in  general  proportional  to  strain,  and  the  strain 
can  be  measured  by  the  change  Inelectrical  re¬ 
sistance  of  the  wires  of  the  gage,  stress  can  be 
measured.  The  gages  may  be  aligned  in  any 
direction  desired,  and,  by  the  use  of  three  gages 
aligned  at  O0,45°,  and  90°,  to  each  other,  shear 
stress  can  be  measured. 

An  accurate  knowledge  of  the  modulus  of  .'he 
material  Is  vital  to  the  successful  use  of  strain 
gages.  Conversion  of  strain  gage  data  to  stress 
data  is  entirely  dependent  on  the  use  of  stress  - 
strain  relationships.  Reinforced  plastic  ma¬ 
terials  may  be  either  isotropic,  orthotropic,  or 
neither,  depending  on  the  type  of  reinforcement 
used  or  the  technique  applied  in  the  layup.  In 
the  orthotropic  materials,  the  values  of  the 
physical  properties  are  approximately  equal  in 
the  O0  and  90°  directions,  but  entirely  different 
at  45°,  and  varying  In  some  nonlinear  fashion 
between  the  two. 

When  several  layers  of  cloth  are  used  in  the 
laminate,  the  random  orientation  of  the  various 
plies  of  cloth  may  produce  an  entirely  different 
and  unknown  set  of  conditions. 

For  the  reasons  cited,  the  use  of  strain  gages 
on  reinforced  plastic  parts  is  more  difficult  than 
on  other  materials,  particularly  metals.  It  is 
advisable,  therefore,  if  possible,  to  calibrate 
the  strain  gages  on  the  actual  part  if  known 


loads  and  closely  known  stresses  can  be  pro¬ 
duced.  If  this  is  not  practical,  and  it  seldom  is, 
another  a  nnrna?H  is  to  remove  SpCCaincus  ill  the 
area  of  the  strain  gages,  with  the  gages  still  at¬ 
tached,  and  conduct  tests  in  the  laboratory  to  de¬ 
termine  either  the  validity  of  the  reading  or  the 
correction  which  should  be  applied.  Unfortunately 
great  difficulties  are  encountered  in  using  strain 
gages  on  parts  being  heated  because  of  their  sen¬ 
sitivity  to  temperature  changes. 

Deflection.  Deflection  dat&  is  usually  mea¬ 
sured  by  means  of  dial  Indicator  gages.  These 
instruments  are  accurate,  easily  read,  and  re¬ 
latively  Inexpensive,  They  may  be  mounted  m 
many  ways  and  positions.  These  instruments 
are  also  available  in  materials  that  are  not 
damaged  by  relatively  high  temperatures,  thus 
allowing  their  use  for  elevated  temperature 
testing. 

If  the  deflection  is  expected  to  be  large  and 
accuracy  is  not  of  primary  importance,  ordinary 
machinists'  scales  may  be  attached  to  the  part 
and  read  directly, or  from  a  distance,  by  means 
of  an  optical  instrument.  Because  of  the  deflec¬ 
tion  that  will  take  place  in  the  test  fixture,  care 
must  be  taken  ;o  provide  a  proper  reference 
point  against  which  the  reading  will  be  made. 

Pressure,  Pressure  or  vacuum  may  be  read 
by  the  use  of  suitable  gages  or  by  the  use  of 
manometer  tubes. 

Since  unit  pressures  dealt  with  an  aircraft 
work  are  usually  tow,  the  pressures  can  usually 
best  be  measured  by  means  of  manometer  tubes. 
These  instruments  are  very  simple,  yet  very 
accurate,  and  with  little  chance  of  malfunction 
without  detection.  The  usual  fluid  used  in  the 
manometers  is  mercury,  although  water  is  often 
used  to  provide  more  accurate  readings  if  the 
pressures  are  very  tow.  If  desired,  other 
liquids  of  various  densities  are  available  to  give 
a  complete  range  of  pressure  excursions.  It  is 
sometimes  convenient  to  position  the  manometer 
tube  at  an  angle  to  the  vertical  to  Increase  its 
sensitivity. 

It  1b  recommended  that  all  low-pressure  read¬ 
ings  be  taken  by  manometer  tubes  and  the  pres¬ 
sure  gages  be  used  when  the  pressures  are  out¬ 
side  the  range  that  can  be  measured  by  mano¬ 
meters. 

Temperature.  Temperatures  may  be  recorded 
by  many  means,  ranging  from  an  ordinary  ther¬ 
mometer  to  the  more  complicated  thermocouple 
and  recording  system.  There  is  little  to  be  said 
of  methods  of  measuring  static  temperatures, 
since  this  is  an  old  science.  The  problems  con- 
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nected  with  temperature  measurement  are  as¬ 
sociated  with  the  measurement  of  rapid  changes 
of  temperature,  and  the  rate  of  change  of  tem¬ 
perature  within  an  object,  or  of  the  surface  of 
the  object.  Rapid  changes  of  temperature  can 
best  be  measured  with  a  thermocouple  and  a 
rapid  response  recorder.  The  thermocouple 
and  the  wires  should  be  as  small  as  possible  to 
reduce  the  heat  absorbing  mass. 

Methods  of  measuring  skin  temperatures  under 
transient  conditions  are  relatively  new,  and  no 
method  has  been  universally  adopted  as  stan¬ 
dard.  The  suggestions  shown  here  are  the  best 
known  to  the  writer  at  this  time.  It  is  expected 
that  rapid  advances  will  be  made  in  this  art  due 
to  the  great  interest  in  thermal  stress  and 
thermal  shock  Criteria. 

For  metal  skins,  the  thermocouple  may  be 
attached  an  shown  In  Figure  6-33.  For  plastic 
materials,  the  use  of  the  metal  screw  does  not 
seem  permissible.  The  variation,  as  shown  in 
Figure  6-34  may  give  reliable  data,  assuming 
that  the  wedge  Is  of  the  same  material  as  the 
skin. 

Because  of  finite  diameters  of  thermocouples 
It  la  not  considered  practical  to  attempt  to  bury 
them  In  the  laminate.  The  smaller  the  thermo¬ 
couple  head  the  more  accurate  this  method 
could  be.  Most  accurate  results  may  be  ex¬ 
pected  from  the  method  shown  in  Figure  6-36. 
It  Is  apparent,  however, that  the  Installation  will 
require  very  precise  work.  Again  it  is  felt  that 
minimum  sizes  of  thermocouple  heads  will  con¬ 
tribute  to  the  accuracy  of  readings,  particularly 
those  Involving  rapid  temperature  changes. 
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SECTION  F.  ENVIROMENTAL  TESTING 


Environmental  conditions  that  are  closely  re¬ 
lated  to  structural  requirements  are  thermal 
effects,  vibration,  and  shock.  Methods  of  test 
for  these  conditions  are  outlined  below. 

6-49.  Thermal  Shock 

In  thermal  shock,  high  thermal  gradients  are 
caused  to  exist  in  a  part  by. sudden  and  severe 
changes  of  temperature.  The  thermal  gradients 
create  strains  in  the  material  due  to  differences 
In  the  rates  of  expansion. 

Thermal  shock  Is  usually  applied  by  rapidly 
clanging  the  test  specimen  from  one  medium  to 
another,  by  changing  the  temperature  of  the 
medium,  or  by  exposing  the  part  to  a  sudden 
application  of  heat  from  heat  lamps  or  other 
source  of  radiant  energy. 


An,  example  of  the  first  type  of  test  Is  one  In 
which  the  part  is  stabilized  at  one  temperature, 
say  a  cold  box,  and  then  removed  and  quickly 
placed  in  a  hot  oven,  This  type  of  teat  is  un¬ 
satisfactory  from  several  standpoints,  mainly 
the  lack  of  control  over  time  and  temperature. 

The  only  advantage  seems  to  be  In  the  simplicity 
and  low  cost  of  the  equipment,  If  the  part  were 
to  be  placed  in  a  medium  of  high  specific  heat 
and  conductivity,  such  as  oil  or  water,  very  high 
rates  of  change  may  be  induced.  Again,  however, 
control  over  rate  and  temperature  is  difficult, 
If  not  impossible. 

Producing  thermal  stress  by  changing  the  tem¬ 
perature  of  the  medium  Is  much  more  subject 
to  control  than  the  previous  method.  Since  a 


326 


considerable  time  lag  would  be  Involved  in 
raising  or  lowering  the  temperature  of  the 
medium,  the  change  can  beat  be  accomplished 
by  utilizing  a  flowing  material,  with  changes  of 
temperature  being  produced  by  proper  mixing 
of  hot  and  cold.  By  the  use  of  valves,  close  con* 
trol  over  the  rate  of  change  of  the  medium  may 
be  attained. 


Although  either  method  outlined  above  can  pro* 
duce  the  required  rate  of  change  of  the  medium 
surrounding  the  part,  the  problem  in  moat  cases 
concerns  producing  a  rate  of  change  on  the  sur¬ 
face  of  the  part.  This  may  be  a  much  more 
difficult  problem  since  the  conductivity  of  a 
gaseous  medium  may  be  much  lower  than  that 
of  the  part,  and  the  conductivity  of  a  liquid 
medium  may  be  much  higher  than  that  of  the 
part.  The  use  of  radiant  energy  avoids  the  ne¬ 
cessity  of  coping. with  thermal  conductivity,  but 
Is  concerned  only  with  the  intensity  of  the  heat 
source  and  the  distance  to  the  part.  Hates  of 
change  may  be  obtained  by  varying  one  or  both 
of  these  factors,  usually  the  distance  being  most 
convenient. 


6-50.  Impact 

Impact  testing  of  complete  parts  is  not  a  usual 
condition  for  testing.  Radojmes  are  recognized 
as  fragile  structures,  and  if  subjected  to  impact 
loads,  may  be  expected  to  suffer  damage.  If 
specific  requirements  are  called  for  in  the  de¬ 
sign  specification,  then  these  conditions  will 
form  the  basis  for  testing. 


Impact  tests  are  performed  on  small  speci¬ 
mens  in  order  to  evaluate  materials.  Standard 
tests  for  this  are  defined  in  Government  Speci¬ 
fication  LP-406. 

6-51,  Shock.  Vibration.  Elevated  Temperature, 
Low  Temperature 

Shock,  Shock  tests  are  performed  on  complete 
partB  as  required  by  design  specifications. 
These  tests  are  usually  performed  by  drop-test¬ 
ing  on  special  test  devices  designed  for  this  pur¬ 
pose.  The  purpose  of  the  drop  test  is  to  pro¬ 
duce  the  required  acceleration  on  tho  part  at 
the  prescribed  angle,  or  in  the  prescribed 
direction. 

Vibration,  Vibration  testB  are  performed  by 
the  use  of  vibration  tables  for  this  purpose.  The 
test  provides  the  acceleration,  the  frequency, 
the  amplitude,  and  the  number  of  cycles  as 
prescribed  by  the  specification. 

Elevated  Temperature.  Methods  of  testing  at 
elevated  temperatures  are  described  in  para¬ 
graph  6-47. 

Low  Temperature,  Reinforced  plaBtlc  ma¬ 
terials  are  stronger  at  tow  temperatures  than 
at  high  or  room  temperatures.  For  this  reason 
it  is  usuatty  not  necessary  to  test  at  low  tem¬ 
perature.  As  in  most  materials,  brittleness  and 
lack  of  impact  resistance  increase  at  tow  tem¬ 
peratures.  Since  these  effects  can  be  studied 
and  evaluated  on  sample  panels  and  specimens, 
it  is  not  normally  necessary  to  test  full-Bcale 
parts  to  determine  the  effect. 
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Chapter  7 


SUBSONIC  AND  SUPERSONIC 
RAIN  EROSION  PROBLEMS 

SECTION  A.  INTRODUCTION 


7-1.  Rain  Erosion  Problems 


With  the  advent  of  higher  speed  subsonic  air¬ 
craft  and  supersonic  aircraft  and  missiles,  many 
new  engineering  problems  have  been  encoun¬ 
tered.  One  of  the  most  severe  Is  the  phen¬ 
omenon  of  erosion  of  exterior  plastic  leading 
edges  during  high  speed  flights  through  rain. 


Damage  due  to  rain  erosion  was  first  reported 
in  1945  on  a  laminated  plastic  radar  housing 
which  was  part  of  the  "Eagle"  vane  antenna 
installation  on  the  B-29  airplanes.  The  sever¬ 
ity  of  rain  erosion  damage  has  Increased  with 
higher  flight  speeds  and  the  extent  of  the  erosion 
has  Increased  with  the  more  extensive  use  of 
plastics  in  aircraft.  Erosion  damage,  while 
undoubtedly  more  severe  on  plastic  parts,  such 
as  radomes,  has  also  been  detected  on  such 
metals  as  magnesium  and  aluminum. 

The  damage  haa  been  severe  enough  to  cause 
complete  structural  failure  of  theradome,  which 
could  result  in  vastly  reduced  performance  of 
the  aircraft  or  even  complete  loas.  The  uae  of 
nonmetalllc  materials,  such  as  glass-reinforced 
polyester  resin  laminates,  for  radomes  is  nec¬ 
essary  from  the  electrical  standpoint.  It  la  also 
advantageous,  where  applicable,  to  use  light¬ 
weight  nonmetalllc  reinforced  plastics  in  place 
of  metals.  The  Air  Force  has  Investigated  the 
rain  erosion  problem  in  an  effort  to  obtain  ma¬ 
terials  that  will  resist  erosion  for  long  periods 
of  flight  through  rain. 


7-2.  Approaches  to  the  Solution 

Obviously  the  most  satisfactory  solution  to  the 
problem  would  be  the  development  of  a  radome 
material  which  would  be  rain  erosion  resistant 
in  itself.  Typical  polyester  laminates,  such  aB 
are  currently  being  utilized,  are  definitely  un¬ 
satisfactory,  from  the  standpoint  of  rain  erosion 
resistance,  without  some  meane  of  protection. 
Thia  fact  has  led  to  the  development  of  coating 
materials  that  would  protect  the  plastic  aircraft 
surfaces  from  erosion. 

The  most  satisfactory  coatings  developed  to 
date  are  of  the  neoprene  type,  presently  utilized 
on  aircraft  plastic  leading  edges,  for  example, 
radomes,  For  the  beat  combination  of  rain 
erosion  and  electrical  properties,  these  coatings 
are  applied  in  a  10- mil  thick  film. 

A  coordinated  military  specification,  MIL-C- 
7439B,  covering  the  requlremente  for  rain 
erosion  coatings,  Is  presently  being  utilized  for 
procurement  of  neoprene  rain  erosion  coatings. 
The  specification  has  been  expanded  to  Include 
an  antistatic  coating  requirement;  a  coating  haa 
been  obtained  which  conforms  to  the  specifica¬ 
tion  requirements.  If  these  coatings  are  applied 
to  structurally  sound  radomes,  which  provide 
good  support,  and  If  maintenance  and  Inspection 
are  satisfactory,  the  coatings  provide  adequate 
radome  protection  at  subsonic  speeds. 

From  the  standpoint  of  resistance  to  rain 
erosion,  relatively  few  "unsatisfactory  reports" 
have  been  received,  during  the  past  several 
years,  on  approved  rain- resistance  coatings. 
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SECTION  B.  SUBSONIC  RAIN  EROSION 


7-3.  Test  Equipment  and  Procedures 

A  subsonic  rain  erosion  program  conducted  at 
Cornell  Aeronautical  Laboratory  has  as  its  pur¬ 
pose  the  evaluation  oi  the  rain  erosion  resistance 
properties  of  nonmetallic  aircraft  materials. 
The  tests  are  carried  out  on  apparatus  con¬ 
sisting  of  a  blade  that  rotates  at  speeds  of  500 
to  650  miles  per  hour  in  a  horizontal  plane 
through  simulated  rainfall.  The  presently 
utilized  rotating  arm  apparatus  was  designed 
and  constructed  by  Cornell  in  1952.1 

Previous  tests  on  various  plastics  and  coatings 
in  the  speed  ranges  of  250  to  500  miles  per  hour 
Indicated  that  the  rate  of  erosion  increases 
greatly  (roughly  to  the  8th  or  10th  power)  as  the 
speed  is  increased;  therefore,  to  keep  pace  with 
the  speeds  of  new  aircraft,  it  was  believed  desir¬ 
able  to  construct  a  piece  of  test  equipment  that 
would  simulate  transonic  or  perhaps  supersonic 
velocities,  and  to  study  the  phenomena  of  rain 
erosion  at  higher  velocities.  Preliminary 
studies  on  the  development  of  a  supersonic 
rotating  arm  test  apparatus  Indicated  that  horse¬ 
power  requirements  for  1,000  miles  per  hour 
would  be  in  the  range  of  400  to  500.  Since  It  was 
economically  unfeasible  to  purchase  a  motor  of 
this  power,  it  was  decided  that  new  test  apparatus 
would  be  designed  and  built  around  a  100  horse¬ 
power,  wound- rotor  motor,  which  would  be  in 
the  desired  cost  range. 

Plans  and  drawings  were  made  for  a  test  cell, 
gear  transmission,  and  a  test  blade  to  rotate  at 
a  top  speed  of  6,800  revolutions  per  minute 
(rpm).  Figure  7-1  shows  the  detailed  design  of 
the  blade.  Figure  7-2  outlines  the  general 
layout  of  the  cell.  The  pit  containing  the  test 
blade  and  goar  box  is  10  feet  below  ground  and 
is  rubber  covered.  Figure  7-3  shows  the  interior 
of  the  pit,  gear  box,  test  blade,  and  specimens. 

»he  equipment  was  revised  to  provide  a  con¬ 
tinuously  variable  speed  from  500  mph  to  700 
mph  in  the  middle  of  the  test  specimen. 

Tests  were  conducted  to  compare  the  relative 
erosion  rates  of  the  old  and  new  test  apparatus 
on  elastomeric  materials.  Two  sets  of  speci¬ 
mens  were  prepared.  Bostlk  1007  primer  with 
Goodyear  neoprene  coating  23-56  was  sprayed 
on  glass  laminate  teat  specimens  to  obtain  a 
total  thickness  of  10  mils. 

Specimens  No.  402  were  tested  on  the  old 
apparatus  and  specimens  No.  403  were  tested 
on  the  new  apparatus  at  a  nominal  speed  of  500 


miles  per  hour.  The  total  times  of  exposure 
were  ISC  imiiuteti  for  the  old  apparatus  versus 
120  minutes  for  new  apparatus.  This  indicates 
an  approximate  factor  of  1.5  in  converting  rain 
erosion  time  on  the  new  apparatus  to  data  ob¬ 
tained  on  the  old  apparatus. 

The  standard  rain  erosion  test  which  is  used 
to  compare  all  materials  is  at  EjOO  miles  per 
hour  though  a  1-inch  per  hour  simulated  rain¬ 
fall  with  a  1. 9-millimeter  droplet  size.  All 
subsonic  rain  erosion  times  cited  in  this  chapter 
are  for  thlB  standard  test  unless  otherwise  spee¬ 
ded.  Test  specimens  of  airfoil  shape,  conform¬ 
ing  to  Figure  7-4,  were  attached  to  each  end  of 
the  blade;  these  specimens  of  plastic  or  metal, 
were  tested  with  or  without  coatings.1 

This  test  apparatus  does  not  reproduce  exactly 
the  amount  of  erosion  experienced  during  the 
same  time  interval  as  one  obtains  under  actual 
flight  conditions;  however,  it  has  been  shown  to 
rate  materials  satisfactorily  in  their  relative 
order  of  in-servlcc  durability,  anc*  this  is  the 
purpose  of  the  equipment.  It  is  probably  at  least 
three  times  more  severe  as  a  rain  erosion  test 
than  actual  flight  tests.  This  is  a  factor  that 
has  not  been  clearly  determined  due  to  a  lack  of 
sufficient  flight  test  data. 


7-4.  Erosion  Criterion 

Studies  of  rain  erosion  resistance  have  been 
determined  for  typical  aircraft  plastics.  To 
pursue  such  study,  a  basic  need  was  to  recognize 
the  extent  of  erosion.  Early  work,  however, 
showed  the  inadequacy  of  weight  loss  as  a  pos¬ 
sible  method  for  determining  the  extent  of 
erosion.  Depth  of  penetration  of  erosion,  as, 
for  example,  the  number  of  plies  eroded,  was 
not  useful  in  this  work  because  the  time  for 
initiation  of  erosion  was  of  especial  Interest. 
It  was  found  that  an  early  stage  of  erosion  could 
be  recognized  when  approximately  50  percent  of 
the  surface  is  covered  with  fine  pits  and  the  re¬ 
maining  50  percent  is  unpitted.  It  is  referred  to 
as  the  50  percent  initiation  point.  It  was  ob¬ 
served  that  the  pits  appear  to  have  a  maximum 
size  of  approximately  0.01  to  0.02  inch  across, 
and  that,  as  erosion  continues,  pits  of  this  size 
overlap.  In  the  test  runs  there  appeared  to  be 
no  evidence  of  the  initial  formation  of  pits  larger 
than  this  size.  Recognition  of  this  degree  of 
erosion  was  sufficiently  precise  so  that  compari¬ 
sons  of  velocity  and  time  of  erosion  could  be 
made.  All  specimens  were  eroded  to  this  same 
degree. 
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Fiqvto  7-1-  Detail*  of  Tost  B I  ad* 


Figure  7-2,  Rain  Erosion  Cell  at  Cornell 
Aeronautical  Laboratory 


Figure  7.J,  Interior  of  Cornell  Tee  t  Pit,  Co  at  Ben, 
Teil  Blade,  and  Method  cl  Mounting  Specimen • 


7-5.  Test  Conditions 


Inperforming  a  test,  the  specimen  was  eroded 
on  the  whirling  arm  testing  machine  until  the  50 
percent  Initiation  point  occurred  somewhere 
along  the  leading  edge.  The  actual  location  of 
this  point  was  then  determined  by  microscopic 
examination  and  the  radluB  of  the  arm  at  this 
point  was  determined.  From  the  radius  and  the 


+oo 


♦TS 
6  -oo 


_ _  \00*y 


U*~ - —  500  -  vs - 

A 

♦00 

-X 

,| 

IS 

** 

JV 

1  R 

I6H 

i 

r 

1.20 1 


\  notches  ' Jnw 

for  (trap  0036 

0.0025  airfoil  —  4"chord 


%  chord 

ordinotM 

distones 

from  1  s.  ordinate 

.00 

.00 

.00 

1.25 

.05 

150 

2.50 

.10 

218 

500 

20 

296 

7.50 

30 

.350 

10.00 

40 

.390 

15,00 

.60 

446 

20.00 

.80 

.478 

2500 

1.00 

485 

30  00 

1.20 

500 

Outer  dimensions 
of  1"  specimen 

8 

Wjk 


U 
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speed  of  rotation,  the  velocity  of  the  specimen 
at  the  50  percent  initiation  point  was  computed. 
Fror.  the  velocity  and  the  rainfall  rate,  the  num¬ 
ber  of  raindrop  impacts  per  square  inch  were 
ecu  mated,  This  latter  estimation  is  based  on 
the  concentration  of  rain  drops  in  the  atmosphere 
and  the  volume  Bwept  through  by  the  specimen. 
For  a  1-inch  per  hour  rainfall,  in  which  the 
average  drop  t’iaa  in  1,9  millimeters,  the  num¬ 
ber  of  impact*,  ’tut  equ’fro  inch  is  5.09Vt  where 
V  is  the  veloc\  y  o'  >?  e  rtipeclmen  in  miles  per 
hour  and  t  Is  the  .  fa-,  ,-.  exposure  In  minutes. 

Use  of  50  perce .  erosion  point  was  restricted 
to  polyester  resine  .and  polymethylmethacrylate, 
since  It  was  found  that  other  plastic  and  elasto¬ 
meric  coatings  did  not  give  reproducible  results. 

For  elastomeric  coatings,  the  time  of  failure 
is  defined  as  the  time  to  erode  through  the  coat¬ 
ing  to  the  laminate  or  supporting  material  under¬ 
neath.  After  the  coating  has  eroded  through, 
the  plastic  laminate  underneath  rapidly  deterior¬ 
ates  and  thecoatlng  no  longer  performs  its  pro¬ 
tective  function. 

7-0.  Variables  Influencing  Subsonic  Rain  Erosion 

In  addition  to  evaluating  all  promising  mate  rials 
for  rain  erosion  resistance  the  work  at  Cornell 
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has  also  involved  determining  the  effect  of  such 
variables  as  velocity  of  the  specimen,  tempera¬ 
ture,  droplet  size,  angle  of  attack,  and  rainfall 
rate. 

Cornell  has  established  that  ongie  between 
the  surface  and  the  path  of  the  drop  is  a  major 
factor  In  influencing  amount  of  rain  erosion 
damage.  It  has  been  determined  that,  at  angles 
of  60°  or  less  between  the  surface  and  the  path 
of  the  drop,  the  erosion  was  considerably  less 
than  when  the  angle  was  greater  than  80°.  At 
angles  of  15°  or  less,  erosion  Is  negligible, 
and  the  use  of  coatings  for  rain  erosion  pro¬ 
tection  at  the  speeds  tested  (200  to  600  miles 
per  hour)  Is  not  necessary. 

Tests  at  Cornell  have  also  indicated  that  the 
time  of  exposure  required  to  produce  a  given 
amount  of  erosion  Is  inversely  proportional  to 
the  eighth  power  of  the  velocity  of  the  specimen 
In  thespeed  range  of  250 to 600  miles  per  hour.* 

A  study  has  been  conducted  of  the  Influence  of 
drop  size  and  rainfall  rate  on  the  amount  of 
erosion  produced.  The  stress  caused  by  the 
impact  of  a  drop  is  proportional  to  approximately 
the  3.2  power  of  the  diameter  of  the  drop.  The 
data  supporting  this  relation  was  originally  ob¬ 
tained  using  polymethylmethacrylate  in  3- inches 
per  hour  rainfall  In  which  the  median  drop  size 
was  2.6  millimeters.  In  comparing  with  other 
data,  it  Is  to  be  noted  that  both  drop  size  and 
rainfall  rate  are  varied;  and  in  the  great  majority 
of  tests,  these  have  beenheld  at  1.9  millimeters 
and  1  Inch  per  hour. 

Rainfall  rate  and  drop  size  normally  vary  to¬ 
gether.  Tests  were  made,  however,  In  which 
rainfall  rate  was  varied  while  the  drop  size  was 
held  constant.  This  was  accomplished  by  using 
three,  rather  than  one,  of  the  nozzles  designed 
for  simulating  1-inch  per  hour  rainfall.  The 
results  of  the  tests  In  variations  of  rainfall  rate 
and  drop  size  are  organized  in  Figure  7-5.  The 
line  for  1.9  millimeters  drops  when  3-lnch  per 
hour  rainfall  Is  taken  from  a  similar  plot  of  data 
using  the  three  1-lnch  per  hour  rainfall  nozzles. 
A  plot  of  the  logarithm  of  the  total  number  of 
Impacts  per  square  inch  to  initiate  erosion 
damage  versus  the  reciprocal  velocity  (multi¬ 
plied  by  a  constant  term  which  is  the  diameter 
to  the  3/2  power),  results  in  straight  lines,  as 
illustrated  in  Figure  7-5. 

The  line  for  2.6-mm  drops  was  obtained  from 
calculations  based  on  photographs  of  early  spec¬ 
imens.  It  Is  to  be  noted  that  inclusion  of  the 
correction  for  drop  size,  d^/*,  brings  the  slope 
of  the  line  for  the  larger  drop  to  that  of  the  line 
for  the  smaller  drop. 


It  is  also  to  be  noted  that  with  constant  drop 
size,  more  Impacts  are  required  In  3-inch  per 
hour  rainfall  than  In  1-lnch  per  hour  rainfall 
to  initiate  erosion.  This  decrease  in  efficiency 
of  a  given  size  drop  in  producing  erosion  as 
luliuaiirate  increases  is  attributed  to  an  inter¬ 
ference  phenomenon.  On  impact,  the  drop 
splashes  back  In  the  form  of  a  fine  spray  moving 
ahead  of  the  specimen.  As  the  number  of 
impacts  per  unit  time  increases,  the  density  of 
this  spray  must  increase.  Thus,  at  very  high 
rainfall  rate,  the  drops  must  penetrate  through 
a  more  dense  spray,  moving  generally  in  the 
opposing  direction,  before  reaching  the  surface. 
This  interference  between  spray  and  drops  is 
apparent  in  visual  observation  using  stroboscopic 
light.  The  spray  is  considered  to  decrease  the 
relative  velocity  of  the  drops  at  impact.  Inas¬ 
much  as  the  amount  of  erosion  is  very  sensitive 
to  velocity  changes,  even  a  slight  decrease  in 
velocity  would  have  a  very  noticeable  effect.* 

7-7.  Rain  Erosion  Properties  of  Coatings,  and 
Plastic  Materials 

Typical  polyester  resin  reinforced  plastic 
laminates  have  extremely  poor  rain  erosion 
resistance  in  themselves.  In  the  standard  rain 
erosion  test  they  will  erode  through  a  1/8-inch 
laminate  in  3  to  4  minutes.  The  problem  of 
obtaining  plastic  materials  which  will  resist 
erosion  for  long  periods  of  flight  through  rain 
is  still  to  be  solved.  Many  approaches  have 
been  Investigated  to  Improve  the  glass  rein¬ 
forced  laminate  or  Its  components.  Studies  have 
been  disappointing.  Although  new  epoxy  resins 
have  greatly  increased  the  rain  erosion  resis¬ 
tance  capabilities  of  plastics,  the  epoxys  in 
themselves  are  still  far  from  being  a  satisfactory 
solution,  and  the  majority  of  the  exterior  plastic 
parts  utilized  in  aircraft  today  are  fabricated 
from  polyester  resins,  Overlays  and  new  tech¬ 
niques  of  fabrication  have  not  been  successful 
and  offer  little  promise.  Therefore,  a  great 
many  coating  materials  have  been  Investigated 
to  determine  the  most  satisfactory  one  for  plas¬ 
tic  protection. 

To  date,  the  neoprene  type  coatings  have  been 
the  most  satisfactory.  Of  the  many  neoprene 
coatings  evaluated,  only  three  meet  the  require¬ 
ments  ofMIL-C-7439B  for  rain  erosion  coatings 
over  plastic  laminates.  These  are  the  Goodyear 
23-66  Class  I  and  Goodyear  23-57  Class  II 
coatings,  and  the  Gates  H-79  Class  I  coating. 
When  these  materials  are  properly  applied  to  a 
polyester  glass  cloth  reinforced  laminate  speci¬ 
men,  a  10- mil  coating  may  be  axo-vi  vi  to  resist 
erosion  at  500  miles  per  hour  ■  '.llllmeter 
rainfall  for  approximately  8u  ml  ;utos  in  the 
simulated  rain  erosion  test.  These  coatings  are 
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all  of  the  air  drying  type  and  can  be  applied  by 
eltherbruah  or  spray.  When  applied  In  a  10-mll 
thick  film,  they  meet  the  electrical  requirements 
for  aircraft  radomes.  Thicker  coatings  possess 
much  superior  rain  erosion  resistance  but  seri- 
ously  Impair  the  electrical  properties. 

A  study  of  the  relation  of  the  thickness  of  neo¬ 
prene  coatings  to  their  rain  erosion  resistance 
was  carried  out  (1)  to  determine  whether  the 
rate  of  erosion  changes  as  the  thickness  of  the 
coating  is  increased;  and  (2)  to  obtain  a  curve 
that  could  be  used  to  predict  the  relative  rain 
erosion  resistance  of  various  thicknesses  of  a 
typical  neoprene  coating,  such  as  Goodyear 
23-56.2 

Twenty  standard  glass- reinforced  laminates 
were  primed  with  and  then  brush  coated  with 


Goodyear  23-56  neoprene  so  as  to  give  coatings 
ranging  from  1  to  33  mils  thick.  Tests  were 
conducted  on  the  coated  specimens  at  a  speed  of 
500  miles  per  hour  and  1-lnch  per  hour  rain¬ 
fall.  The  time  to  obtain  the  first  hole  In  the 
neoprene  coating  was  recorded,  and  these  data 
were  used  to  prepare  the  graph  shown  in  Fig¬ 
ure  7-6.  The  testa  were  stopped  when  erosion 
had  progressed  through  the  coating  and  one  to 
two  plies  of  the  glass-reinforced  laminate 
beneath. 

The  graph  indicates  that  the  rate  of  erosion  Is 
greater  in  the  range  of  1  to  8  mils  than  In  the 
range  from  8  to  33  mils.  It  can  be  generally 
stated  that  the  time  to  erode  through  neoprene 
coatings  of  the  Goodyear  23-56  type  is  a  func¬ 
tion  of  the  coating  thickness.  The  general 
equation  shown  by  the  dotted  line,  that  Is,  time 
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to  erode  through  the  coating  in  minutes  ■  0.53 
times  (thickness  in  mils)2,  can  be  used  to  pre- 
diet  how  long  a  neoprene  coating  would  last. 

Effect  of  Temperature  on  Erosion.  The  ap¬ 
proved  neoprene  coatings  meet  MH.-C-7439B 
temperature  requirements  of  exposure  at  200° 
F  for  20  hours  with  no  reduction  in  rain  erosion 
resistance.  However,  as  aircraft  speeds  have 
increased,  the  problem  of  increased  heating, 
due  to  friction,  was  encountered;  therefore,  the 
approved  neoprene  rain  erosion  coatings  were 
investigated  after  exposure  to  elevateJ  tem¬ 
peratures.  M 

The  effect  of  heat  on  the  erosion  resistance  of 
neoprene  coatings  Gates  N-79  and  Goodyear 
23-56  was  determined  under  the  following  con¬ 
ditions: 


1.  180°  F  for  72  hours 

2.  225°  F  for  72  hours 

3.  300°  F  for  20  hours 

The  results  of  these  tests  indicated  that  heating 
for  periods  up  to  72  hours  at  180°  F  does  not 
materially  affect  the  erosion  resistance;  heating 
for  72  hours  at  225°  F  doeB  affect  the  coating. 
In  general,  the  presently  approved  coatings  can 
be  considered  satisfactory  after  exposure  to 
temperatures  up  to  200°  F  for  periods  in  the 
range  of  100  hours.  As  the  temperature  in¬ 
creases  to  300°  F,  exposure  for  shorter  periods 
renders  these  coatings  unsatisfactory  for  rain 
erosion  resistance.  The  results  are  indicated 
in  Table  7-1. 


Tabli  7-1.  Elloelt  o I  Tomporoturo 


Average  Time  to  Erode  Through  10-Mil  Coating 

Room  temp 

180°  F 

225°  F 

300°  F 

Coating 

air  dry 

for 

for 

for 

100  hours 

72  hours 

72  hours 

iLiloura 

Gates  N-79 

88  min 

96  min 

48  min 

1.5  min 

Goodyear  23-56 

131 

75 

55 

5 

In  all  cases,  as  the  temperature  Increased, 
the  coating  became  darker.  At  300°  F,  the 
film  became  black  and  very  brittle.  Failure 
was  due  primarily  to  loss  of  adhesion. 
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coatings  exposed  to  temperatures  above  200°  F 
for  periods  over  4  hours  should  tie  inspected 
frequently  for  signs  of  early  degradation  due  to 
rain  erosion. 

Tests  were  also  conducted  on  specimens  coated 
with  Gates  N-79  and  Goodyear  23-56  exposed  to 
400°  F  for  10  minutes.  The  specimens  were 
tested  for  rain  erosion  resistance  at  500  miles 
per  hour  and  1-inch  per  hour  simulated  rainfall. 
In  testing,  all  specimens  failed,  primarily  due 
to  loss  of  adhesion  of  the  neoprene  coating  to 
the  glass  laminate,  which  caused  bubbling  along 
the  leading  edge  and  tearing  loose  of  the  coating 
along  the  sides  of  the  specimens.  The  results 
indicated  that  the  Gates  N-79  coating  lasted  for 
30  minutes  and  the  Goodyear  23-  56  an  appreciably 
longer  time  of  110  minutes,  since  the  adhesion 
was  superior  for  the  Goodyear  coating. 


Gates  N-79  coating  should  have  satisfactory 
rain  erosion  resistance  when  exposed  to  an 
upper  limit  of  375°  F  for  10  minutes. 

The  approved  neoprene  coatings  were  also 
evaluated  after  exposure  to  temperatures  of  -65° 
F.  This  was  done  because  natural  rubber  and 
neoprene  show  a  greater  tendency  to  undergo  a 
process  of  crystallization  when  exposed  to  low 
temperature  or  high  stress.  Tests  conducted  on 
Goodyear  23-56  and  Gates  N-79  after  exposure 
to  -65°  F  for  one-half  hour  indicated  that  there 
was  no  decrease  in  erosion  resistance. 

Effect  of  Support  on  Erosion.  The  protective 
value  of  the  neoprene  coatings  is  directly  related 
to  the  support  offered  by  the  reinforced  plastic 
material  to  which  the  coating  is  applied.  Sand¬ 
wich  type  airfoil  specimens,  similar  in  construc¬ 
tion  to  F-66D  aircraft,  were  evaluated.4  The 
approved  Goodyear  23-56  rain  erosion  coating 
was  applied  to  Blotted  conventional  laminates 
with  thin  outer  sheets  bonded  to  them  which  had 
thicknesses  of  15  mils  and  30  mils  respectively 
(Figure  7-7). 


Further  studies  on  the  effect  of  heat  treatment 
upon  the  rain  erosion  resistance  of  Gates  and 
Goodyear  ne>  irene  coatings  at  temperatures 
between  300  and  400°  F  were  carried  out,  under 
the  conditions  outlined  below. 


Material 


Goodyear  23-56 
Gates  N-79 

Goodyear  23-56 
Gates  N-79 

Goodyear  23-56 


Condition 

300°  F  for  10  minutes 
375°  F  for  10  minutes 
400°  F  for  10  minutes 


The  specimens  heat  treated  at  400°  F  failed, 
due  vo  loss  of  adhesion  after  20  to  40  minutes 
of  testing. 

The  coatings  on  the  specimens,  heated  at  300 
and  375°  F  all  failed  in  30  minutes.  Failure  of 
all  these  heat  treated  specimens  can  be  attributed 
mainly  to  loss  of  adhesion  of  neoprene  coating 
to  the  glass  fiber  laminate. 

In  general,  the  neoprene  coatings  appeared 
tougher  than  normal  when  cured  at  175°  F  for 
4  hours,  and  then  at  300,  375,  and  400°  F  tor 
10  minutes.  Based  upon  the  results  and  ob¬ 
servations  of  the  specimens  used,  it  is  believed 
that  if  a  satisfactory  adhesion  system  can  be 
obtained  between  the  neoprene  and  the  glass 
reinforced  laminate,  the  Goodyear  23-56  and 


Solid  laminates,  utilizing  the  same  laminate 
material,  were  coated  with  Goodyear  23-56  and 
evaluated  as  a  control.  The  8- mil  neoprene 
coating  over  the  solid  wall  laminate  failed  in 
approximately  12  minutes.  A  neoprene  coating 
of  the  same  thickness  lasted  6  minutes  over  the 
slotted  laminate  with  the  0.030-lnch  shell  and 
only  4  minutes  over  the  slotted  laminate 
with  the  0.015-inch  shell.  After  the  rain  eroded 
through  the  neoprene  coating  over  the  slotted 
areas,  it  eroded  rapidly  through  the  laminate. 
A  check  of  the  laminates  used  in  these  specimens 
indicated  a  low  Barcol  hardness  of  45  and  com¬ 
pressive  strength  of  25,000  pounds  per  square 
inch.  The  low  compressive  strength  probably 
Recounted  for  the  failure  of  the  laminate  beneath 
the  neoprene  coating.  Based  on  these  results, 
the  use  of  laminated  parts  with  Barcol  hardness 
below  55  should  be  critically  examined  before 
putting  them  into  service  on  the  exterior  of  an 
aircraft  where  they  would  be  subjected  to  pos- 
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slble  erosion  by  rain.  Also,  the  use  of  thin  outer 
layers  of  sandwich  construction  (15  mils  and  30 
mils)  does  not  offer  proper  support  for  the  neo¬ 
prene  coating  under  impact  oi  rain  drops  atnign 
speeds.  A  heavier  shell  would  probably  produce 
the  desired  support. 

Epoxy  Resins.  Recent  test  shave  Indicated  that 
currently  available  epoxy  resins  reinforced  with 
glass  cloth  or  glassfllamentsproducea  stronger 
and  more  uniform  supporting  laminate  than  glass 
reinforced  epoxy  laminates  previously  tested. 
Scotchply  1002  and  1005  epoxy  resins,  and  glass 
clothandglaBS  filament  laminates  were  fotind  to 
have  apprec  iably  greater  rain  erosion  resistance 
than  reinforced  polyester  laminates, 4 

Minnesota  Mining  and  Manufacturing  Company 
originally  submitted  the  1002  and  1005  epoxy 
resin  with  their  Scotchply  material  (Isotropic 
glass  filaments).  The  test  results  indicated 
that  the  1005  took  70  minutes  to  erode  and  the 
1002  took  30  minutes  to  erode  through  a  1/8-inch 
laminate.  The  70-hiinute  erosion  time  for  the 
1005  epoxy  resin  has  not  been  reproducible  in 
later  tests.  A  study  wa3  conducted  on  glass 
cloth  versus  parallel  glass  Btrands  and  also  on 
Shell  Chemical  Company  Epon  828  versus  the 
3M  epoxy  resins. 

These  tests  resulted  In  the  following  conclu¬ 
sions. 

a.  Glass  cloth  reinforced  epoxy  laminates  with¬ 
stand  erosion  noticeably  better  than  epoxy  lami¬ 
nates  with  glass  fibers.  In  these  tests  it  re¬ 
quired  70  minutes  to  erode  completely  through 
the  l/8-lnch  glass  cloth  reinforced  3M  epoxy 
laminate,  whereas  It  took  only  40  minutes  to 
erode  through  the  laminate  reinforced  with  glass 
fibers, 


b.  The  3M 1005-181  epoxy  laminate  was  superior 
in  rain  erosion  resistance  to  the  Epon  828-181 
epoxy  laminate.  The  1005-181  laminate  eroded 
through  In  70  minutes.  The  Epon  828-181  lami- 
lnat'e  eroded  through  in  32  minutes. 

c.  Glass  cloth  reinforced  epoxy  laminates  have 
greater  erosion  resistance  than  similar  poly¬ 
ester  laminates.  This  can  be  attributed  to  the 
greater  bond  strength  of  the  epoxy  laminate, 
which  prevents  delamination  under  the  impact 
of  the  rain. 

Recent  retests  of  the  3M  epoxy  1002  and  1005 
resins  Indicated  that  the  time  to  erode  through 
a  l/8-lnch  glass  cloth  laminate  varies  between 
30  and  50  minuteB;  further  evaluation  is  in  pro¬ 
gress. 


Practically  nil  rain  erosion  tests  have  been 
conducted  on  coatings  applied  to  polyester  resin 
laminates,  since  glass  reinforced  epoxv  lami¬ 
nates  have  shown  greater  erosion  resistance 
than  similarly  reinforced  polyester  laminates. 
It  was  considered  desirable  to  evaluate  and  com¬ 
pare  the  erosion  resistance  of  approved  neoprene 
rain  erosion  coatings  with  the  two  types  of  lami¬ 
nates.  The  specimens  that  were  evaluated  util¬ 
ized  Goodyear  23-56  over  Epon  828,  3M  1005 
and  polyester  laminates  fabricated  with  181 
glass  cloth  and  Volan  A  finish.  A  10-mil  neo¬ 
prene  coating  over  the  3M  epoxy  laminates  lasted 
approximately  two  hours  at  500  miles  per  hour 
in  1-lnch  per  hour  rainfall  before  a  hole  eroded 
through  the  neoprene  to  the  laminate.  The  Good¬ 
year  23-56  over  the  Epon  828  laminate  lasted 
about  one  and  one-half  hours  for  the  same  degree 
of  erosion,  The  neoprene  coating  resisted  rain 
erosion  for  a  noticeably  longer  period  over  the 
epoxy  laminates  than  over  polyester  laminates 
in  the  preliminary  evaluation,  Further  evalua¬ 
tion  of  these  epoxy  resins  for  rain  erosion  re¬ 
sistant  laminates  ispresently  in  progress,  since, 
bnsed  on  the  work  accomplished  to  date  (1958), 
neoprene  coated  epoxy  laminate  radomes  would 
have  twice  the  service  durability  of  currently 
used  polyester  glass  radomes.  Also,  once  the 
neoprene  has  been  eroded  through,  the  epoxy 
laminates  themselves  possess  approximately 
lOttmos  the  erosion  resistance  of  the  bare  poly¬ 
ester  laminates. 

Polyurethane.  The  most  promising  new  rain 
erosion  resistant  coating  material  evaluated) 
has  been  the  polyurethane  typo.4  "Estane",  a 
trade  name  for  a  cloar  polyurethane  material 
developed  by  B.F.  Goodrich  Company,  Is  trans¬ 
parent  and  has  excellent  low-temperature  flex¬ 
ibility  and  a  relatively  high  meltingtemperature. 
Based  on  tests  conducted,  the  unprimed  Estane 
coating  In  5-mll  thicknesses  will  resist  erosion 
for  35  minutes,  and  10-mil  thick  films  will  last 
55  minutes. 

A  23-mll  thick  film  of  Estane  polyurethane 
coating  over  a  polyester  laminate  specimen 
lasted  four  hours  at  500  miles  per  hour  and 
1-lnch  per  hour  rainfall.  This  Is  slightly  longer 
than  a  23-mll  Goodyear  23-58  neoprene  coating 
would  last  under  the  same  test  conditions. 

The  Estane  polyurethane  material  erodes  in 
a  different  pattern  from  neoprene.  Whereas 
neoprene  pits  and  erodes  uniformly  all  along 
the  leading  edge  of  test  specimens,  the  rain 
Impact  on  the  polyurethane  coating  produced 
numerous  small  cuts  or  slits  on  the  leading 
edge,  These  become  longer  and  deeper  as  the 
test  progressed;  however,  the  majority  of  the 
leading  edge  showed  virtually  no  erosion, 
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An  ll-mll  film  of  Estane,  which  had  good  ad¬ 
hesion  to  the  polyester  glass  laminate,  lasted 
for  80  minutes  before  heavy  pitting  and  erosion 
through  to  the  laminate  occurred. 

The  University  of  Cincinnati  is  also  conducting 
a  program  for  the  Bureau  of  Aeronautics  on  the 
development  of  a  rain  erosion  resistant  polyure¬ 
thane  coating,  They  have  reported  excellent 
rain  erosion  resistance. 

7-8,  Subsonic  Rain  Erosion  Properties  of  Cer¬ 
amics  and" glass 

Johns  Hopkins  University  has  been  conducting 
a  program  for  the  Navy  on  the  Terrier  missile 
that  has  Included  some  work  on  rain  erosion. 
Primary  emphasis  has  been  placed  on  ceramics 
and  pyrocerams  as  possible  radome  materials 
for  missile  applications. 

A  method  of  evaluation  used  by  Johns  Hopkins 
has  been  the  polyethylene  pellet  gun.  In  this 
technique,  synthetic 'Raindrops "  of  polyethylene, 
which  has  a  density  comparable  to  water,  are 
fired  from  a  gun.  The  polyethylene  pellets 
strike  the  specimen  and  splatter.  Using  this 
method  and  polyethylene  pellets  of  2-millimeter 
diameter,  single  drop  impacts  have  been  ob¬ 
tained  at  supersonic  speeds  on  a  variety  of  ma¬ 
terials.  The  most  promising  materials,  as 
shown  by  these  tests,  have  been  ceramics,  such 
as  alumina  and  pyroceram.6 

Subsonic  rain  erosion  tests  have  been  conducted 
at  Cornell  Aeronautical  Laboratory,  for  the  Ap¬ 
plied  Physics  Laboratory  of  Johns  Hopkins  Uni¬ 
versity  on  ceramics,  glass,  cerams,  and  glass 
bonded  mica. 

The  materials  evaluated  were  made  of  flat 
specimens  that  measured  approximately  <  ‘nches 
long,  1/2  Inch  wide  and  1/4  lnchthlck.  The  sam¬ 
ples  were  mounted  in  special  metal  adapters 
attached  to  each  end  of  the  whirling-arm  test 
blade.  The  sides  of  the  specimens  were  beveled 
to  hold  them  In  place. 

The  specimens  were  evaluated  at  800  miles  per 
hour  and  1-inch  per  hour  rainfall,  and  were 
tested  until  they  were  pitted  moderately  and 
eroded  approximately  the  same  amount. 

Baaed  on  the  results  of  these  tests,  the  fol¬ 
lowing  conclusions  were  reached  relating  to  the 
rain  erosion  resistance  of  these  materials. 

a.  The  ceramics  and  cerams  are  far  more 
resistant  to  rain  erosion  than  the  glasses  tested. 
In  particular,  Corning  Glass  cerams  843  GV, 
607BUZ  (#8800),  0O7AVE  (#8005),  and  American 
Lava  Alslmag  570  of  alumina  have  good  rain 
erosion  resistance  at  500  miles  per  hour.  The 


test  samples  lasted  in  the  range  of  5  to  8  hours 
before  they  were  pitted  moderately. 

b.  Corning  Glass  1710  has  greater  rain  erosion 
resistance  than  Corning  glasses  7740,  7910,  or 
7070.  The  1710  glass  (alumina  silicate  type) 
specimens  lasted  in  the  range  of  35  to  45  minutes 
at  500  miles  per  hour.  All  tempered  glass  was 
found  to  be  superior  to  annealed  glass. 

c.  In  general,  tne  rain  erosion  resistance  of 
the  bonded  mica  was  rather  low.  Supra -nica  555, 
a  glass-reinforced  synthetic  mica,  har  greater 
erosion  resistance  than  Mycalex  410  and  410X 
which  are  reinforced  natural  m.cas.  The 
Mycalex  materials  with  the  molded  finish  were 
slightly  better  than  the  materials  with  the 
ground  finish.  Supramlca  with  the  molded  finish 
lasted  5  minutes,  whereas  the  specimens  with 
the  ground  finish  lasted  only  2  minutes  before 
the  surfaces  were  pitted  moderately. 

In  summation,  the  ceramics  and  cerams  tested 
at  speeds  of  500  miles  per  hour  have  excellent 
rain  erosion  properties.  However,  the  present 
possibility  of  their  use  for  subsonic  aircraft 
radomes  ''■>  considered  limited,  due  todifflculties 
in  form  .g  them,  expecially  in  large  sizes. 
Furthermore,  failure  of  these  materials  is 
usually  a  complete  cracking  which  can  come 
with  extreme  suddenness,  rather  than  as  a 
gradual  deterioration.  ThiB  complete  type  of 
failure  Is  extremely  different  from  the  gradual 
erosion  noted  In  the  neoprene  coatings  and,  since 
the  entire  radome  would  be  destroyed,  could 
conceivably  result  in  loss  of  the  aircraft  and 
pilot6  unless  designs  for  their  application  are 
so  modified  as  to  avoid  such  possibilities. 

Table  7-IIpresents  an  overall  summation  ofthe 
rain  erosion  properties  of  plastic  materials, 
coatings,  and  promising  ceramics  evaluated  to 
date.  For  more  complete  data  see  the  various 
reports  listed  In  the  references. 

7-9.  Subsonic  Flight  Test  Programs 

Studies  conducted  by  Cornell  on  laboratory  test 
equipment  have  been  of  great  value  to  the  Air 
Force  on  evaluation  of  materials.  However, 
there  has  been  a  great  need  for  actual  flight 
testing  of  various  materials  to  obtain  a  com¬ 
parison  In  erosion  rates  and  also  to  substan¬ 
tiate  the  laboratory  test  equipment  data. 

Due  to  the  difficulty  of  obtaining  the  use  of  an 
all-weather  aircraft  for  these  tests,  no  data  could 
be  obtained.  However,  during  a  slack  period  In 
the  flight  test  program  of  an  F9F  airplane  on 
bailment  to  Cornell  Aeronautical  Laboratory 
arrangements  were  made  to  use  this  airplane 
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Tail*  7-1  i\’«  n  EroiJen  Proportion  of  Hatoriolt  TootoJ  •#  500 

Mi  »  p+r  Hour  Through  1/2-lnch  Sltrut otod  Roinfoll 


General  Material 

Description 

Time  to  Initiate 

Pitting 

Time  to  Erode 
Through 

Methyl  methacrylate 

1  min 

— 

1/8-incli  Epoxy  Laminate 

2-3  min 

30-50  min 

1/8-inch  Polyester  Laminate 

30  sec 

5  min 

1/B-inch  Phenolic  Laminate 

J5  sec 

3  min 

♦10-mil  Kel-F  Coating 

— 

5-9  min 

♦lO-mil  Teflon  Coating 

— 

60  sec 

*  10-mil  Lactpprene  Coating 

— 

15-25  min 

*10-mll  Neoprene  Coating 

— 

50-70  min 

*10-mil  Silicone  Coating 

-- 

10  min 

*  10-mil  Polyurethane  Coating 

— 

50  min 

*10-mll  Gates  White  Neoprene 

— 

50-70  min 

*10-mll  Hypalon  Goating 

— 

10-20  min 

**  Alumina  (AlSiMag  576) 

— 

300-420  min 

♦♦Pyroceram 

-- 

300-480  min 

♦♦Mycalex 

-- 

5  min 

♦‘Glass  (1710) 

— 

35-45  min 

♦Coating  Placed  over  Typical  Polyester  Laminate 

♦♦Moderate  Pitting 

for  actual  rain  eroalan  flight  testa  for  a  limited 
time. 


Specimens  of  various  coatings  were  applied 
directly  to  the  243T  metal  leading  edge  as  well 
as  on  glass- reinforced  laminates  that  were 
bonded  to  the  leading  edge.  These  laminates 
were  0.090-inch  thick.  Figure  7-8  shows  the 
specimens  applied,  and  lists  the  materials  used. 
All  specimens  were  7  Inches  long  and  extended 
back  from  the  leading  edge  approximately  4 
inches.  The  neoprene  and  other  elastomeric 
coatings  were  close  to  10  mils  thick,  The  paint 
coatings  averaged  2  mils  in  total  thickness  for 
the  zinc  chromate  primer  and  finish  coat.  Each 
material  was  applied  In  duplicate,  that  Is,  one 
on  each  wing. 


Flight  Tests.  A  total  of  16  minutes  flight 
through  rain  was  obtained  In  two  increments  of 
6  minutes  each  and  two  increments  of  3  minutes 
each.  The  first  flight  in  rain  was  for  6  minutes 
in  a  moderate  to  light  rain,  at  an  indicated  air¬ 
speed  of  475  miles  per  hour,  at  2,500  feet  al¬ 
titude.  Examination  of  the  specimens  after  tills 
flight  showed  that  standard  lacquer  and  enamel 
paint  coatings  applied  over  zinc  chromate  primer 
(Specimens  No.  9  and  11)  had  generally  eroded 
off  most  of  the  leading  edge.  Specimen  No.  8  of 
vinyl  type  paint  coatings  showed  some  pitting 
and  flaking  off  of  small  areas.  Specimen  No.  1 
of  uncoated,  void-free,  glass- reinforced  lam¬ 
inates  showed  slight  pitting  of  the  resin  surface. 

The  second  flight  in  rain  was  also  of  5  minutes 
duration,  but  the  rain  was  fairly  light.  The  speed 
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Key  to  Position  of  Specimens 


Coated  and  Uncoated  Plastic  Specimens 

#1  Uncoated,  void-free,  glass-reinforced  lam¬ 
inate  6  piles  181-36  cloth;  Selectron  5003 
#2  Coated,  glass-reinforced  laminate  primer  — 
Bostic  1007;  topcoat  —  Goodyear  23-56 
#3  Coated,  glass -reinforced  laminate  primer  — 
Gates  N-15;  topcoat  —  Gates  N-79 
#4  Coated,  glass-rcinforced  laminate  primer  — 
Gates  N-15;  topcoat  —  Gates  N-79;  anti¬ 
static  —  Gates  N-51 

#5  Coated,  glass-reinforced  laminate  p'  lmer  — 
none;  topcoat  —  3M  843  +5  percent  j»l 
#6  Coated,  glass-reinforced  laminate  primer  — 
Pro  Seal  581;  topcoat  —  Pro-Seal  582 
#7  Uncoated 

Luclte  —  0.000  inch 


Coatings  on  Aluminum  Leading  Edge 

#8  Sherwln  Williams  —  Navy  vinyl  system 
primer  —  E42YP7;  topcoat  —  F55AP2 
#9  Glidden  —  Standard  system  zinc  chromate  — 
Primer  MIL  P6B89;  enamel  —  topcoat  — 
MIL  E7729 

#10  Minnesota  Mining  &  Mfg.  Co.  primer  —  zinc 
chromate;  topcoat  —  3B  843  +5  percent  A1 
#11  Glidden  —  Standard  system  chromate  — 
primer  —  MIL  P8889;  lacquer  —  topcoat  — 
MIL  L7178 

#12  Goodyear  —  Neoprene  system  primary  — 
Bostic  1007;  topcoat  —  Goodyear  23-58 
#  13  GateB  —  Neoprene  system  primer  —  Gates 
N-15;  topcoat  —  Gates  N-79 


Flguro  7-t,  Plaeomonf  of  Spoclmont  on  Right  and  Loli  Wlngo  of  P9P  A Itplano 


was  475  miles  per  hour,  at  500  feet  altitude. 
Specimen  No.  1  of  uncoated,  void-free,  glass- 
reinforced  laminate  had  eroded  through  the  sur¬ 
face  resin  to  the  first  ply.  Specimen  No.  7  of 
methyl  methacrylate  sheet  showed  slight  erosion 
by  a  frosty  appearance.  The  vinyl  coatings 
(Specimen  No.  8)  were  practically  eroded  off 
the  leading  edge. 

The  third  flight  of  3  minutes  was  through  an 
extremely  light  rain  at  475  miles  per  hour  at 
6,000  feet,  Examination  of  the  specimens  showed 
no  apparent  Increase  In  erosion  over  the  pre¬ 
vious  flight, 

The  fourth  flight  was  through  a  heavy  thunder¬ 
storm  at  a  speed  of  460  miles  per  hour,  at  3,000 
feet,  for  3  minutes.  This  gave  a  total  flight 
time  of  16  minutes.  The  uncoated,  void-free, 
glass- reinforced  laminate  showed  considerable 
erosion  through  one  or  more  plies  (Specimen 
No.  1).  Methyl  methacrylate  Specimen  No.  7 
showed  some  pitting  of  the  surface  and  fine 


cracks.  The  specimen  of  JM-843  elastomeric 
coating  with  5  percent  aluminum  pigment  on 
glass  laminate,  Specimen  No.  5,  and  the  24ST 
aluminum  leading  edge,  Specimen  No.  10,  showed 
considerable  amount  oferoBion  after  16  minutes 
flight.  The  neoprene  coatings,  such  as  Goodyear 
23-56,  Gates  N-79,  N-16  antistatic,  and  Pro-Seal 
582,  showed  no  signs  of  erosion  after  16  minutes 
of  flight  through  rain  at  speeds  in  the  range  of 
500  miles  per  hour. 

Based  upon  the  flight  tests  reviewed  above, 
the  relative  rain  erosion  resistance  of  various 
materials  tested  can  be  liBted  in  the  following 
order: 

1.  Neoprene  coatings,  such  as  Goodyear  23-56, 
Gates  N-79,  Gates  N-51,  and  Pro-Seal  582 

2.  3M-843  elastomeric  coating 

3.  Methyl  methacrylate  sheet 

4.  Void  free  laminates 

5.  Vinyl  coatings 

6.  Paint  or  lacquer  coatings. 
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A  program  inia  alsobeen  conducted  at  Wright- 
Pattcrson  Air  Force  Base.  The  program  was 
initiated  in  February  1952,  to  obtain  flight  test 
data  nn  th»  ability  Of  the  appiuveu  neoprene 
rain  erosion  cuttings  to  protect  adequately  ex¬ 
terior  plastic  leading  edges.  It  was  anticipated 
that  i he  flight  tests  would  also  Indicate  a  cor¬ 
relation  between  the  rotating-arm  laboratory 
test  data  and  actual  in-service  test  life.  Rain 
erosion  data  has  therefore  been  accumulated  on 
various  fighter  aircraft  which  have  been  sta¬ 
tioned  at  Wright-Patterson  Air  Force  Base. 

Fighter  aircrait  were  selected  as  the  logical 
vehicles  because  there  are  more  of  these  avail¬ 
able  and  they  can  achieve  the  desired  high  speed 
flights  in  rain.  All  aircraft  exterior  plastic 
leading  edges  were  required  to  be  coated  with 
approved  neoprene  coating.  This  meant  that  the 
aircraft  would  need  no  modification  at  all  for 
these  tests. 


Various  F-94A,  F-94B,  F-94C,  F-89C,  and  F- 
89D  aircraft  were  involved  in  this  program.  The 
velocity  at  which  these  aircraft  flew  through 
rain  was  375  knots  (432  mph).  The  lime  in  rain, 
degree  of  rain,  and  velocity  were  recorded  by 
the  pilot  personnel,  and  inspection  of  the  radomes 
was  made  after  each  flight  by  personnel  from 
Materials  Laboratory,  WADC. 

Times  in  rain  at  this  speed  were  accumulated 
in  the  range  of  80  to  145  minutes  with  no  erosion 
damage  on  F-94  aircraft. 

An  F-94A  aircraft  was  flown  for  a  total  time 
of  2  hours,  accumulated  over  three  fllghtB,  at 
speeds  varying  from  320  to  375  knots  (368  to 
432  mph)  before  the  coating  eroded  and  peeled. 
The  peeled  coating  was  examined  and  found  to 
be  5  mils  thick  maximum.  The  rain  intensity 
varied  from  light  rain  for  35  minutes  to  heavy 
rain  for  35  minutes.  Another  F-94  aircraft  was 
flown  at  375  knots  for  a  total  time  of  200  minutes, 
accumulated  over  four  flights,  before  the  coating 
peeled.  This  was  in  light  to  moderate  rain. 

These  were  the  only  two  cases  where  erosion 
on  this  flight  test  program  was  obtained  using 
the  approved  neoprene  coating.  In  no  case  was 
the  radome  damaged  to  any  extent  other  than  a 
slight  hole  or  roughening  oi  the  surlace.  It  is 
also  stressed  that  there  was  nu  previous  history 
on  these  radomes  available  which  would  allow 
an  accurate  estimate  of  the  total  life  of  the 
coating  to  be  made. 


At  this  point  it  was  observed  that  most  of  the 
data  were  being  accumulated  onF~94Aand  F-94B 
aircraft.  These  aircraft  utlllz*  »  ra/tn.y.,.  •yhpjh 
is  interchangeable.  It  was  decided,  therefore, 
to  limit  the  program  to  F-94A  and  B  aircraft. 
A  test  radome  was  obtained  and  coated  and 
utilized  in  all  flight  tests  regardless  of  the  air¬ 
craft  being  flown.  The  change  is  accomplished 
in  a  short  period  oi  time,  and  transfer  tvas 
made,  when  the  weather  conditions  were  ap¬ 
propriate,  to  whatever  F-94A  or  B  aircraft  was 
in  operating  condition. 

The  initial  material  applied  to  this  radome 
and  evaluated  was  (he  Goodyear  23-  57  antistatic 
coating  system.  Three  flights  were  made  in 
rain,  varying  from  light  to  moderate  intensity, 
at  a  velocity  of  350  knots  (40?.  mph).  The  total 
time  accumulated  In  rain  was  58  minutes  before 
the  coating  bubbled  and  peeled  considerably. 
There  was  no  damage  to  the  radome.  The  thick¬ 
ness  of  the  coating  was  measured  and  found  to 
be  5  mils,  which  is  only  half  the  specified  thick¬ 
ness. 

This  radome  was  then  recoated  with  the  ap¬ 
proved  Gates  N-79  neoprene  coating.  Three 
flights  were  made  in  rain,  varying  from  light  to 
very  heavy,  at  a  velocity  of  350  knots.  The 
total  time  accumulated  in  rain  was  110  minutes 
before  the  radome  was  damaged.  The  coating 
was  still  in  good  shape;  however,  because  of  a 
damage  area  consisting  of  a  small  hole,  it  was 
necessary  to  obtain  a  new  radome. 

This  program  is  still  in  progress  (1956)  and 
it  is  hoped  that  sufficient  time  will  be  obtained 
to  complete  it. 

Test  Results,  Points  that  can  be  obtained 
from  the  data  accumulated  to  date  are; 

a.  It  is  essential  that  great  care  be  taken  in 
applying  the  coating  to  insure  that  sufficient 
primer  is  applied.  The  failures  in  most  cases 
were  due  to  loss  of  adhesion. 

b.  It  is  essential  that  10-mil  coatings  be  ap¬ 
plied  for  maximum  rain  erosion  protection  con¬ 
sistent  with  satisfactory  electrical  performance . 
Several  radome  coatings  examined  alter  failure 
had  considerably  less  than  the  required  coating 
thickness. 

c.  The  Cornell  Laboratory  test  Is  more  severe 
than  actual  (light  testB.  It  is  considered  that 
satisfactorily  applied  coatings  will  not  sutler 
rain  erosion  damage  in  flights  at  375  knots 
before  at  least  three  hours  in  moderate  rainfall, 
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SECTION  C. 


IVE'iOPMENT  OF  A  THERMALLY  REFLECTIVE,  ANTISTATIC 
HEAT  RESISTANCE  FAIN  EROSION  COATING 


The  neoprene  coatings  presently  being  utilised 
on  exterior  plastic  leading  edges  are  satisfactory 
up  to  temperatures  of  200°  F,  but  rapidly  lose 
their  efficiency  as  the  temperature  Increases. 
At  350°  F  or  over,  an  extended  exposure  will 
deteriorate  the  coating’s  efficiency  completely. 
It  was  anticipated  that  the  constantly  increasing 
speed  of  military  aircraft  and  missiles  will 
cause  the  outer  surfaces  of  the  planes  to  be  at 
high  temperatures,  due  to  skin  irlction.  Also, 
the  practice  of  passing  hot  gases  through  spe¬ 
cially  constructed  radomes  to  prevent  ice  for¬ 
mation  on  their  outer  surfaces  may  lead  to  sub¬ 
jection  of  the  protective  rain  erosion  coatings 
to  elevated  temperatures.6!7 

7-10.  Goodyear  Tire  and  Rubber  Company 
Program 

A  contract  was  made  with  the  Goodyear  Tire 
and  Rubber  Company  to  develop  a  rain-erosion 
resistant  material  which  would  withstand  tem¬ 
peratures  of  500°  F  for  an  appreciable  period 
and  would  also  be  electrically  satisfactory. 

All  available  coating  materials  were  investi¬ 
gated  and  It  was  found  that  there  are  very  few 
which  will  withstand  500°  F  for  30  ml.iutea. 
Goodyear  found  that  silicone  rubber,  Teflon, 
and  properly  compounded  acrylic  copolymers, 
such  as  Lactoprene  E.  V.,  and  Acrylon  rubbers 
are  the  only  available  materials  which  would 
pass  this  test. 

The  Teflon  and  Kel-F  material  evaluated  are 
unsatisfactory  in  rain  eroBion  resistance,  and 
the  silicone  rubbers,  while  they  appear  promis¬ 
ing,  have  never  been  completely  evaluated,  due 
to  their  extremely  poor  adhesion,  to  other  ma¬ 
terials.  The  Kel-F  materials  are  relatively 
hard  and  inelastic,  and,  although  good  adhesion 
to  the  plastic  laminate  specimen  has  been  ob¬ 
tained,  they  erode  rapidly  in  times  of  less  than 
10  minutes  at  SOOmtleB  per  hour  through  1-inch 
per  hour  of  simulated  rainfall. 

The  Lactoprene  coatings  were  concentrated 
upon,  since  they  were  conrtdered  to  be  the  most 
promising  materials  after  Tx>Bure  to  500°  F. 
To  date,  while  they  show  excellent  heat  resis¬ 
tance,  they  have  not  come  close  to  reaching  the 
excellent  erosion  resistance  of  neoprenes  when 
neoprenes  are  tested  with  no  exposure  to  ele¬ 
vated  temperatures.  A  major  problem  is  that  of 
obtaining  adeouate  adhesion.  This  aspect  of  the 
problem  has  not  been  completely  solved.  The 
material  itself  is  also  basically  not  as  resilient 
and  flexible  as  the  approved  neoprene. 


The  best  of  the  Lactoprene  coatings  developed 
to  date  have  lasted  onto  10  to  15  minutes  after 
exposure  to  500°  F  for  1/2  hour.  These  coatings 
have  lastedaslong  as30minutes  in  rain  erosion 
resistance  with  no  exposure  to  elevated  tem¬ 
peratures. 

The  work  at  Goodyear  has  been  completed 
with  no  further  Improvement  of  the  rain  erosion 
resistance  of  the  Lactoprene  type  coatings. 
Presently  Cornell  Aeronautical  Laboratory  is 
conducting  a  complete  evaluation  of  the  rain 
erosion  properties  of  the  Goodyear  R-12  x 
4-239,  which  is  the  most  successful  Lactoprene 
developed  by  Goodyear. 

The  one-half  hour  at  500°  F  requirement  for 
heat  resistant  rain  erosion  coatings  was  an 
arbitrary  choice,  and  coating  materials  which 
have  possibilities  for  application  at  temperatures 
lower  than  500°  F  were  evaluated.  Hypalon 
coatings,  which  are  chlorosulfonated  poly- ^ 
ethylene  elastomers  manufactured  by  the  Duljfnu 
Company  fit  In  this  catagory.  / 

Several  Hypalon  coatings  withpelieat  exposure, 
were  evaluated  at  500  milejKper  hour  In  1-lnch 
per  hour  rainfall;  thee'T'were  Gates  XP-104, 
DuPont  epoxy  Hypaleif  A-2205A,  and  Goodyear 
R14L-23-495.  N6ne  of  these  materials  had 
promising  rsln  erosion  properties.  Erosion 
was  initiated  after  a  few  minutes  exposure  and 
progr  essed  rapidly  after  Initiation  of  damage. 
Zti  general,  the  Hypalons  tested,  while  flexible, 
do  not  possess  much  resiliency. 

7-11.  GateB  Engineering  Company  Program 

Gates  Engineering  Company  is  presently  under 
Air  Force  contract,  working  on  the  development 
of  a  white,  thermally  reflective  rain  erosion 
coating.  The  target  properties  for  the  coating 
are  that  ltwillbeas  satisfactory  as  the  approved 
neoprenes  in  all  properties  and  will,  In  addi¬ 
tion,  possess  an  average  B5-percent  thermal 
reflectivity  in  the  range  of  0.4  to  2  microns. 
Two  other  items  included  In  this  work,  once 
the  coating  has  been  developed  or  concurrent 
with  the  above  item  are:  (1)  antistatic  white 
which  will  possess  surface  resistivity  properties 
of  0.5-15  megohms/square  inch;  and  (2)  better 
heat  resistant  properties  than  the  approved  neo¬ 
prenes  (at  least  100  hours  at  400°  F).  In  sum¬ 
mation,  the  overall  program  calls  for  develop¬ 
ment  of  a  thermally  reflective,  antistatic,  heat 
resistant  rain  erosion  coating. 
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Initial  work  has  been  the  development  of  a  plain 
white,  thermally  reflective  coating.  Initial  phy¬ 
sical  property,  peel,  and  reflectivity  teats  are 
conducted  by  Gates  and  the  most  promising  ma- 
terialsareforwarded to  Cornell  for  rain  erosion 
evaluation.  Based  on  satisfactory  data  being 
obtained,  electrical  transmission  and  surface 
resistivity  tests  would  then  be  conducted. 

The  materials  evaluated  by  Cornell  to  date 
have  been  white  pigmented  neoprene,  Hypalon, 
polyacrylic  rubber,  and  combinations  of  thiTje 
materials  applied  over  various  printers  and  tie 
cements.  All  tests  were  conducted  at  the  stand¬ 
ard  condition  of  500  mile3  per  ltour  and  I-inch 
per  hour  rainiall  on  the  rain  erosion  tester  at 
Cornell. 


The  most  satisfactory  white  erosion  coating 
evaluated  to  date  has  been  K-223-A,  which  lasted 
70  mluuien before  a  hole  eroded  through  the  il- 
mil  film  to  the  laminate.  This  system  Is  a  white 
neoprene  topcoat  utilizing  Gates  fillers,  tie- 
euaU,  and  primer. 

This  type  of  material  almost  meetB  all  the 
minimum  target  requirements.  Thermal  re¬ 
flectivity  evaluations  will  be  conducted,  as  well 
as  further  rain  erosion  and  electrical  property 
evaluations. 

the  use  of  ionlzable  agents  in  conjunction 
with  white  neoprene  coatings,  it  iB  anticipated 
that  the  antistatic  requirements  can  be  met. 
This  work  in  in  progress;  it  is  hoped  that  the 
coatings  will  be  developed  in  the  near  future. 


SECTION  D.  MECHANISM  OF  RAIN  EROSION 


7-12.  General  Subsonic  Investigation 


p  =.  density  of  water; 


The  purpose  of  the  work  being  conducted  oy 
tile  National  Bureau  of  Standards  under  Air 
F'  i  e  contract  is  to  develop  an  understanding 
of  u.e  actual  mechanism  of  rain  erosion.  Such 
an  understanding  would  than  aid  In  the  develop¬ 
ment  of  more  satisfactory  rain-erosion  resis¬ 
tant  plastic  materials  for  subsonic  and  super¬ 
sonic  speeds.  The  Initial  part  of  the  work  was 
largely  concentrated  on  subsonic  speed  inves¬ 
tigations. 

The  destructive  force  causing  rain  erosion 
results  from  the  collision  of  the  solid  surface 
with  the  waterdrop  at  high  impact  velocities. 
The  waterdrop  acts  as  though  it  were  a  hard 
sphere,  but  unlike  a  sphere  of  hard  material  it 
undergoes  an  outward  radial  flow  of  very  high 
velocity  as  a  result  of  the  collision. 

An  equation  for  the  magnitude  of  the  pressure, 
P,  developed  In  collision  of  waterdrops  against 
solid  surfaces  is: 


C P  V0 


1  + 


«cv  J 


(7-1) 


where 

i  =  coefficient  which  gives,  on  the  average, 
the  fraction  of  the  advance  velocity  of 
the  fast  moving  surface  which  is  im¬ 
pacted  by  the  water  molecules; 

C  velocity  of  the  congressional  wave  in 
water  (5,000  feet  per  second); 


Vq  -  vertical  velocity  of  massive  fast  mov¬ 
ing  surface; 

C'  =  speed  of  tho  compresslonal  wave; 

/>'  =  density  of  the  striking  surface. 

The  impact  pressure  between  a  flat  surface 
and  jet  of  water  struck  from  the  side  has  been 
determined,  using  a  piezoelectric  gauge.  The 
pressure  developed  when  a  flat  solid  surface 
strikes  a  cylindrical  water  surface  should  be 
between  that  developed  when  it  strikes  a  flat 
water  surface  and  that  resulting  from  striking  a 
spherical  water  surface.  For  a  velocity  of  35 
meters  per  second,  the  piezoelectric  pressure 
recorded  was  310  kilograms  per  square  centi¬ 
meter.  Using  Doctor  Engel’s  equation  above,  a 
pressure  of  245  kilograms  per  square  centi¬ 
meter  was  predicted,  assuming  «  to  be  about 
0.09.  Assuming  a  flat  water  surface  a  pressure 
of  490  kilograms  per  square  centimeter,  was 
predicted.  Therefore  substantiation  of  the  as¬ 
sumptions  for  Equation  (7-1)  and  of  Doctor 
Engel’s  equation  itself  was  obtained.  The  pres¬ 
sure  estimated  for  neoprene  rubber  rain  erosion 
coalings  at  Vq  =  600  miles  per  hour  and  >  us 
assumed  unity  is  20,000  pounds  per  square 
inch.  This  suggests  that  the  success  of  neoprene 
in  reducing  rain  erosion  on  the  leading  edge  of 
aircraft  is  not  wholly  explained  by  diminution 
of  the  pressure  on  the  surface.  Other  factors, 
such  as  extent  of  elongation  at  break  or  attenua¬ 
tion  on  passing  through  the  material  have  a 
definite  bearing. 
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Another  important  (actor  is  the  radial  (low  o ( 
a  waterdrop  when  It  Impinges  on  a  solid  sur- 
(ace.  This  (low  has  been  mapped  chemically  by 
uae  o(  a  very  small  crystal  fragment  o(  sodium 
dichrcuiata  iuacieu  into  ine  bottom  surface  of 
the  droplet  just  before  It  left  the  dropping  pipette. 
The  droplet,  when  impinged  on  filter  paper  that 
was  wet  with  acidified  starch  and  potassium 
Iodide  solutions,  gave  a  print  of  the  wash  of  the 
drop.  The  waterdrops  are  actually  deformed 
very  slightly  before  they  enter  into  radial  flow. 
This  drop  deformation  Is  a  vital  factor  in  the 
erosion  process,  and  tends  to  tear  rubber  and 
elastomeric  coatings  free  from  the  laminate, 
especially  when  impact  occurs  over  a  surface 
depression.  Radial  flow  of  a  water  sphere  when 
a  surface  is  moving  at  a  relative  velocity  of  600 
miles  per  hour  Is  about  1,400  miles  per  hour 
at  the  Instant  of  Impact. 

Erosion  is  thought  to  occur  first  at  weak  spots 
on  the  surface  of  the  specimen  being  tested. 
First  damage  sites  are  either  points  where 
pressure  multiplication  takes  place  or  where 
weak  spots  are  located  in  the  material.  Micro¬ 
scopic  pits  act  as  pressure  multiplying  centers 
that  can  multiply  the  pressure  by  a  factor  of  4 
or  5  or  even  more.  A  comparison  has  been  made 
between  the  erosion  process  of  brittle  materials 
of  low  tensile  strength,  such  as  methyl  metha¬ 
crylate,  and  metal  materials  which  have  high 
tensile  strength.!0  This  was  done  by  use  of 
firing  projectiles  of  steel  spheres  and  deform¬ 
ing  lead  pellets  from  a  .22  caliber  gun.  Radial 
cracking  of  the  methyl  methacrylate  was  noted 
for  the  Impacts  of  steel  spheres  but  not  the 
deforming  lead  pellets.  The  impact  sites  on 
Luclte  were  compared,  using  the  deforming 
lead  pellets  and  water  Impacts  obtained  with  the 
rotary  arm  tested  at  Cornell.  It  was  determined 
that  the  mechanics  of  damage  were  Identical, 
the  only  difference  being  of  degree. 

Metals  which  have  high  tensile  strength  also 
erode  and  fall,  due  to  the  Impact  of  water  drop¬ 
lets.  This  failure  cannot  be  attributed  to  Impact 
pressures  alone .  Pits  on  the  surface  of  the  metals 
act  as  pressure  raisers  of  sufficient  magnitude 
to  cause  erosion  damage.  Polished  metal  sur¬ 
faces  are  more  erosion  resistant  to  water  impact 
stress  then  unpolished  surfaces.  Even  the  po¬ 
lished  surfaces,  however,  erode  eventually,  In¬ 
dicating  that  surfaces,  no  matter  how  highly 
polished,  develop  pits  which  then  Berve  as 
pressure  raisers. 

Tests  indicate  that  there  are  two  possible  types 
of  materials  which  are  rain  erosion  resistant. 
These  are  soft,  very  resilient  substances,  such 
as  neoprene,  and  very  hard  materials  such  as 
glass  and  ceramics.  A  very  resilient  rubber 
may  be  depressed  repeatedly  by  waterdrop  Im¬ 


pacts  without  cracking.  An  extremely  hard  sub¬ 
stance  does  not  crack  because  it  does  not  undergo 
any  depression  at  all  under  water  impacts. 

Rubber  type  materials  however.,  have  definite 
resilience.  In  the  event  that 'the  rubber  Is 
loaded  at  an  extremely  high  rate,  it  acts  as  a 
hard  material,  since  it  does  not  have  a  chance 
to  recover.  Very  hard  materials  have  definite 
application  at  very  high  speeds.  This  is  borne 
out  by  the  supersonic  rain  erosion  test  data 
where  ceramic  materials  far  surpass  neoprene 
coatings  In  supersonic  rain  erosion  resistance. 

7-13.  Cavitation  Effect  on  Initiation  of  Rain 
Erosion 

Cavitation  was  investigated  to  determine  If  It 
occurs  at  the  Impact  of  a  drop  on  a  solid  sur¬ 
face.  This  study  has  special  application  to  hard 
surfaces  which  do  not  depress  under  water 
blows.  It  was  considered  that  cavitation  might 
be  a  source  (or  the  first  surface  roughening 
which  leads  to  pit  formation  and  then  to  pres¬ 
sure  raising  possibilities. ^1° 

A  42-foot  tube  was  used,  so  that  droplets  could 
be  dropped  onto  a  glass  Impact  plane.  Fastax 
cameras  took  photographs  of  the  collisions,  and 
an  attempt  was  made  m  discern  if  a  pressure 
reduction  occurred  in  the  center  of  the  radial 
wash  in  its  last  stages  of  flow  after  Impact. 
This  would  cause  the  pressure  to  fall  below  the 
vapor  pressure  of  water,  and  cavitation  might 
then  occur  in  the  center  of  the  wash. 

Evidence  was  obtained  which  indicates  that 
cavitation  does  occur  but  further  tests  are 
needed  to  substantiate  the  fact  and  to  determine 
Its  influence  in  the  erosion  process. 

Schleiren  photography  was  utilized  to  study  the 
impacts  of  water  droplets.  Water  saturated  with 
argon  gas  was  used  so  that  bubble  formation 
would  be  different  from  that  of  plain  water  and 
so  one  could  definitely  Identify  the  small  white 
spots  noted  as  bubbles.  Bubbles  were  noted  In 
these  tests,  indicating  the  possible  existence  of 
cavitation. 

The  terminal  velocity  of  the  waterdrop  used 
In  all  these  tests  was  26.9  feet  per  second.  It 
is  highly  possible  that  cavitation  would  be  more 
evident  If  droplet  velocities  of  880  feet  per 
oecond  (600  miles  per  hour)  were  Investigated. 
This  phase  of  the  work  has  not  been  initiated  as 
yet  because  of  the  unsuitability  of  equipment  to 
accelerate  droplets  to  these  speeds. 

The  recent  work  on  mechanism  of  rain  ero¬ 
sion  has  been  concentrated  on  the  supersonic 
area.!!,  12,  13,  14 
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7-14.  Mechanism  of  Supersonic  Rain  Erosion 

An  investigation  was  initiated  to  determine  the 
possibility  of  utilizing  impacts  of  drops  of  high 
density  materials  at  low  velocity  to  simulate 
damage  produced  by  waterdrops  at  high  veloci¬ 
ties.  Tiie  problem  was  to  determine  the  velocity 
that  the  heavy  metal  drops  must  have  to  produce 
the  same  amount  of  damage  that  would  be  pro¬ 
duced  by  waterdrops  at  some  specified  higher 
velocity. 

This  work  has  been  done  by  National  Bureau 
of  Standards  and  supported  by  Convair. 

The  equation  developed  for  predicting  damage 
resulting  from  a"  liquid  drop  impacting  a  surface 
is: 

,  c  dW  (±  +  _L\  (7-2) 

*  \S's  s  t  / 

where 

C  =  proportionality  constant; 

«'  -  damage  parameter; 
d  =  drop  diameter; 
fi  ■  drop  density; 

Vc  =  velocity  of  impact; 
m  =  drop  viscosity; 

S'  =  shear  strength  of  surface;  and 
S’t  =  tensile  strength  of  surface 


Captured  Projectile  Teats.  Tests  were  con¬ 
ducted  at  Convair  utilizing  tile  rotating  arm  for 
velocities  of  Impact  less  than  900  feet  per  sec¬ 
ond  while  tests  at  higher  velocities,  up  to  2,000 
feet  per  second,  were  conducted  using  the 
"captured  projectile"  test  apparatus. 

The  captured  projectile  test  method  Involves 
the  use  of  a  smoothbore,  20-mlllimeter  cannon, 
which  has  adapted  to  It,  100  feet  of  heavy  wall 
tubing  of  similar  bore  diameter.  The  first  20 
feet  of  tubing,  after  leaving  the  gun  barrel,  is 
perforated  with  a  pattern  of  diametrically  op¬ 
posed  holes  to  permit  the  escape  of  propulsive 
gases  and  to  allow  introduction  of  liquid  drops 
in  the  path  of  the  projectile.  After  passing 
through  the  perforated  section,  the  projectile 
enters  the  closed  tube,  which  is  "plugged"  near 
the  discharge  end.  Air  in  the  tube  is  com¬ 


pressed,  decelerating  the  projectile  to  zero 
forward  velocity,  at  which  time  the  pressure 
buildup  is  sufficient  to  eject  the  plug,  to  release 
the  pressure,  and  thereby  to  cause  the  test 
specimen  to  remain  captured  in  the  tube. 
Liquid  droD  size  i»  »i>i,ur«Wy  controlled  and 
metered.  Velocity  is  measured  by  means  of  an 
electronic  timer.  The  drop  size  was  determined 
by  the  size  of  the  hole  and  shape  of  the  exit  sur¬ 
face  of  a  removable  dripper  insert,  as  well  as 
by  the  head  of  the  high -density  liquid  in  the  con¬ 
tainer.  Each  particular  dripper  insert  was  cal¬ 
ibrated  by  catching  a  known  number  of  drops  on 
a  watch  glass  of  oil  which  had  previously  been 
weighed.  This  allowed  a  check  of  liquid  head 
versus  drop  diameter.  By  rewelghing,  the  drop 
diameter  average  is  ascertained.  Droplets  of 
mercury,  ranging  in  size  from  0.7  to  2.9  milli¬ 
meters,  were  used  successfully  as  the  high- 
density  liquid. 

Tests  were  conducted  using  1,0-,  1.5-,  1.96-, 
and  2.85-milllmeter  mercury  drops  on  lead 
annealed  at  400°  F  and  furnace  cooled;  using 
1,0-,  1.5-,  1. 98-millimeter  drops  on  2S  alumi¬ 
num  annealed  at  800°  F  and  furnace  cooled;  and 
using  1.0-  and  1.5-millimeter  drops  on  eloc- 
trolytlcally  pure  copper  annealed  at  1,100°  F 
and  furnace  cooled. 

Figures  7-9,  7-10,  and  7-11  are  plots  of 
damage  depths  versus  velocity,  and  Figures 
7-12,  7-13,  and  7-14  show  a  comparison  of 
damage  diameter  versus  velocity.  These  curves 
indicates  difference  in  slope  between  aluminum 
and  the  lead  and  copper  materials.  Inspection 
of  the  damage  marks  indicated  that  the  surface 
damage  diameter  is  larger  than  any  other 
damage  diameter.  The  aluminum,  however,  at 
velocities  greater  than  BOO  feet  per  second,  has 
a  "ballooning "action  where  most  of  the  damage 
occurs  below  the  surface. 

Values  of  C  were  calculated,  as  In  Equation 
(7-2),  using  the  surface  damage  area  as  equal 
to  e'  and  then,  in  an  effort  to  make  C  more 
nearly  constant,  various  combinations  of  sur¬ 
face  damage  diameter  (dc),  damage  depth  (de), 
and  damage  volume  (Vj),  were  used  as  damage 
parameters.  Of  all  damage  parameters  used, 
«'  -  dc  de  has  proven  the  most  satisfactory . 
Figures  7-15  and  7-16  Illustrate  the  use  of 
damage  diameter  and  of  dc  de  for  the  damage 
parameters.  There  is  no  theoretical  basis  for 
this  —  It  is  based  strictly  on  experimental  data. 

Similar  tests  using  waterdrops  approximately 
2  millimeters  in  diameter  were  conducted  to 
determine  if  "C "  stayed  within  the  same  gen¬ 
eral  range  of  1  x  1Q-®  to  9  x  10‘9.  This  was 
established,  and  is  shown  by  Figure  7-17, 
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Figure  7-9.  Demage  Depth  Venue  Imped  Velocity  -  25  Aluminum  Speclmene,  Mercury  Dr  opt 


Flgut *  7-10.  Damugt  Depth  Van ui  Impact  Velocity  - 
Lead  Specimen,  Mercury  Crepe 


Doctor  Engel's  equation  was  developed  with  the 
restriction  that  It  applied  to  drops  2  millimeters 
in  diameter  or  larger.  This  is  substantiated  but 
it  is  considered  to  be  of  value  even  for  smaller 
drops. 

7*15,  Effect  of  Shock  Wave  on  Supersonic  Rain 
Erosion 

There  has  been  some  thought  that  objects 
traveling  at  supersonic  speeds  would  not  be 
subject  to  rain  erosion  damage  because  the 
shock  wave  would  cause  a  breakup  of  the  water 
droplets  before  impact  could  occur, IB  A  study 


was  conducted  on  this  aspect  by  National  Bureau 
of  Standards.  If  the  leading  edge  is  a  sharp 
point,  the  shock  wave  is  attached  to  it;  if  the 
leading  edge  is  blunt,  the  shockwave  Is  detached 
and  is  separated  from  the  leading  surface  of  the 
object  by  a  zone  in  which  air  is  moving  ahead  of 
the  object. 

The  width  of  the  zone  by  which  the  detached 
shock  wave  is  separated  from  the  object  de¬ 
pends  on  the  radius  of  curvature  of  the  object 
and  the  velocity  at  which  It  is  moving.  The 
width  of  a  zone  of  separation  behind  the  detached 
shock  wave  that  precedes  a  sphere  2  feet  in 
diameter  moving  at  1.7  Mach  is  0.276  feet.  If 
the  shock  wave  preceding  this  sphere  should 
move  Into  the  space  occupied  by  a  relatively 
stationary  waterdrop,  the  time  that  would 
elapse  from  the  instant  the  shock  passed  the 
waterdrop  until  the  waterdrop  was  struck  by 
the  2-foot  sphere  would  be  144  microseconds. 
This  Is  the  time  during  which  atomization  would 
have  to  occur  to  be  of  significance  to  the  ero¬ 
sion  problem  of  objects  of  this  size  moving  al 
Mach  1.7  velocity.  For  objects  less  than  2  feet 
in  diameter,  the  time  would  be  even  less. 

Shock  tube  apparatus  at  the  Naval  Ordnance 
Laboratory  was  utilized  to  conduct  tests  on  the 
effect  of  a  supersonic  stream  of  air  on  a 
stationary  droplet.  High  speed  photography  was 
utilized  to  analyze  the  effect  at  time  intervals 
starting  at  10  microseconds  until  the  waterdrop 
broke  up.  Pictures  and  data  were  obtained  at 
Mach  1.3,  1.5,  and  1.7.  The  results  of  this 
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program  have  clearly  indicated  that,  at  these 
speeds,  the  waterdrop  definitely  does  break  up, 
due  to  the  influence  of  the  shock  wave.  However, 
the  time  for  breakup  Is  much  too  great,  and  the 
solid  object  would  Impact  the  drop  before  any 
breakup  could  occur.  This  has  been  substan¬ 
tiated  by  Falcon  flight  tests  and  rocket  sled 
tests  on  full  scale  radomes  at  Mach  2.6  and  2.0, 
respectively.  It  is  planned  to  continue  this  In¬ 


vestigation  at  higher  Mach  numbers,  using  new 
apparatus. 


Similar  conclusions  were  reached  by  Seldl  of 
Boeing  Airplane  Company  using  high-speed 
photographs  of  the  effects  of  the  bow-wave  of 
60-caliber  and  20-mm  gun  projectiles  upon 
simulated  rain  drops.*® 


F/yure  7*12,  Camay*  D/ornefer  Versus  Impact  Velocity 
Lead  Spacimana,  Mercury  Drops 
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Plgur a  7-13.  Damage  Diammlar  Versus  /mpocf  Velocity  — 
25  Aluminum  Spec/mens,  Mercury  Dropa 


Figure  J-H.  Relation  Between  "C"  and  Impact  Velocity,  Bated  on  Product  ol  Damage  Depth  and  Damage  Diameter 


Figure  7-1 7.  "C“  Vettu i  Velocity,  for  Walordrept  2  Mllllmatora  In  Diameter  end  Mercury  Drape 

1 .96  Mllllmetero  In  Diameter 


SECTION  E.  SUPERSONIC  RAIN  EROSION 


7-16.  Teat  Methods 

Convair  was  issued  an  Air  Force  contract  to 
develop  a  rain  erosion  test  method  which  would 
evaluate  plastic  materials  at  supersonic 
speeds. 16 

The  three  basic  methods  explored  were  (1)  a 
ballistic  method  employing  a  projectile  as  a 
supersonic  test  vehicle;  (2)  a  water  droplet 


acceleration  method;  and  (3)  captive  flight 
testing,  utilizing  a  rocket  sled  and  research 
track. 

Of  the  three  methods  of  investigation,  the 
ballistics  type  was  the  most  completely  de¬ 
veloped.  With  the  installation  of  simulated 
rainfall,  actual  rain  erosion  tests  were  started, 
using  a  recoverable  modified  20- millimeter 
projectile.  Five  major  problems  were  involved. 
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These  were  (1)  external  ballistics  of  the  by  means  of  individual  stopcocks.  Since  the 
projectile,  (2)  timing  fuse  to  effect  separation,  spray  from  each  nozzle  covers  slightly  more 

(3)  separation  charge,  (4)  specimen  recovery  than  100  feet  parallel  to  the  pipe,  continuous  ex¬ 
parachutes,  and  (5)  rainfall  simulation.  posure  is  accomplished,  except  for  a  short  gap 

at  the  midpoint  of  the  range.  The  cannon  Is 
Due  to  the  high  cost  of  operation,  the  rocket  mounted  to  fire  through  an  area  where  the 

sled  phase  nf  tiw>  inveHtigatisr.  tvss  disconiinueti  average  droplet  diameter  is  1.9  millimeters 

for  materials  evaluation,  but  is  feasible  and  is  and  the  rain  Intensity  Is  approximately  2  Inches 

continuing  for  final  prooftesting  of  critical  full-  per  hour.  Results  from  each  firing  closely 

scale  models.  The  water  droplet  acceleration  correspond  to  flight  through  1,000  feet  of  1.0- 

method,  which  is  the  most  desirable  due  to  con-  inch  per  hour  rainfall. 13 

trolled  test  conditions  and  ease  nf  operation  in 

the  laboratory,  and  the  ballistics  test  method  The  specimen  is  carried  by  a  20-mlllinietcr 

were  therefore  Investigated  in  detail  by  Con  valr.  TP  M99  round  modified  to  contain  a  fuse  and 

compartment  for  the  parachute  and  separation 
The  water  acceleration  study  dealt  with  the  charge.  Upon  firing  the  shell,  the  tracer  is 

acceleration  of  water  droplets  up  to  Mach  2  and  ignited.  It  bums  for  a  predetermined  time  in- 

theinpingementof  these  droplets  on  a  stationary  terval  sufficient  to  carry  the  projectile  through 

plastic  specimen.  Attempts  to  accelerate  drop-  the  rain  path  and  over  the  drop  area.  At  this 

lets  to  Mach  2  by  aerodynamic  drag  were  un-  point  the  tracer  or  fuse,  having  burned  through 

successful,  since  a  breakup  into  fine  mist  to  a  separation  charge,  causes  the  latter  to 

occurred  Instantaneously  as  the  edge  of  the  ignite  and  expel  the  nose  specimen  which  floatB 

droplet  touched  the  Mach  2  airstream.  The  to  the  ground  on  a  small  parachute, 

droplet  was  entirely  disintegrated  before  it 

could  penetrate  the  airstream.  Attempts  were  Base  and  Transfer  Hole.  Fuse  material  near 

made  to  inject  the  liquid  at  a  velocity  equal  to  the  metal  wall  of  the  fuse  hole  tends  to  chill  and 

the  air  velocity  so  that  this  breakup  would  not  burn  less  readily.  With  a  59°  (drill  bit  angle) 

occur.  A  Bausch  diesel  fuel  injector  was  ad-  fuse  hole  base,  the  fuse  frequently  stops  burning 

justed  to  eject  liquid  under  pressure  through  before  the  black  powder  in  the  transfer  hole  is 

air  orifices  into  a  nearly  complete  vacuum  to  ignited,  causing  separation  failure.  To  mini- 

break  up  the  stream  into  2-milUmeter  drop-  mize  this  difficulty  the  base  of  the  fuse  hole  Is 

lets.  Various  atmospheres,  from  0.20  to  .0.40  maide  flat,  the  transfer  hole  diameter  is  In- 

Inch  of  mercury  absolute,  were  utilized  and  the  creased,  and  the  transfer  hole  length  Is  held  to 

shadowgraphs  Indicated  some  breakup  of  the  a  minimum.  The  maximum  transfer  hole 

water  stream  but  no  droplets  were  discernible.  diameter  is  a  function  of  the  ability  of  the  fuse 

The  aerodynamic  drag  of  a  2-millimeter  drop-  material  to  resist  being  blown  through  the 

let  size  was  too  great,  and  water  droplets  of  transfer  hole  by  propelling  pressures  in  the 

this  size  were  impossible  to  obtain;  the  water  cannon.  With  a  19/64-inch  fuse  diameter  and 

droplet  acceleration  method  for  obtaining  operation  at  Mach  2,  the  optimum  transfer  hole 

supersonic  rain  erosion  data  was  therefore  dls-  diameter  for  tracer  fuses  is  approximately  0.09 

continued.7  Tills  left  the  bulk  of  the  work  on  Inch.  Close  tolerances  between  the  specimen 

supersonic  rain  erosion  to  the  ballistics  test  adapter  and  the  projectile  case  prevent  ucclden- 

method,  which  was  noticeably  more  successful.  tal  opening  of  the  parachute  compartment  during 

Most  of  the  data  has  been  obtained  utilizing  a  loading  operations. 

20-milllmeter  cannon  firing  a  plastic  nose  at 

speeds  up  to  Mach  2.6  through  controlled  simu-  Fuse.  The  major  problem  of  the  ballistics 

luted  rainfall  of  1.9- millimeter  droplet  size.  method  was  to  obtain  a  reliable  fuse.  On  bench 

The  range  utilized  was  a  500-foot  path  at  the  tests  and  low  speed  tests  nearly  all  types  of 

United  States  Navy’s  Camp  Billot  Annex.  fuses  tested  worked  successfully.  At  high 

speed,  however,  only  a  few  worked,  and  none 
7-17.  20- mm  Ballistics  Test  Method  seemed  very  reliable.  The  20-millimeter 

igniter  and  tracer  pellets  held  the  most  promise, 
The  Camp  Elliot  ballistic  range  is  equipped  although  the  percentage  of  separations  was  just 

with  an  engine-driven  centrifugal  pump  capable  slightly  better  than  50  percent.  The  tracer  ma- 

of  supplying  6,000  gallons  per  hour  at  a  head  of  terlal  was  hard  to  ignite  and  the  igniter  ma- 

90  feet,  delivers  water  from  a  portable  200-  terlal  did  not  seem  hot  enough  to  ignite  the 

gallon  water  tank  to  the  midpoint  of  the  600-  separation  charge;  therefore,  several  mixtures 

foot  exposure  range  pipe  system.  This  system,  were  tried.  The  most  reliable  fuse  consisted 

supported  on  steel  posts,  includes  50  equally  of  four  parts  of  tracer  and  one  part  of  igniter 

spaced  No.  1/4  U-80S0  Vee  Jet  spray  nozzles  material.  The  fuse  consisted  of  approximately 

elevated  45°  above  horizontal  and  flow-adjusted  0.25  grams  of  the  4/1  tracer-igniter  mix  and 
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one  pellet  of  Igniter.  The  pellet  of  igniter  was 
placed  on  top  of  the  mix  and  pressed  at  60,000 
pounds  per  square  inch.  This  fuse  approached 
100  percent  reliability. 

Separation  Charge.  The  separation  charge 
consists  of  0.2S  grams  of  black  powder  meal 
ana  y. at  grams  of  DuPont  fffg  grade  powder. 
The  powder  meal  is  tamped  into  the  transfer 
hole  toassure  ignition.  By  this  method,  separa¬ 
tion  has  occurred  every  time  the  fuse  has 
ignited. 


009  note 
radius 


O.I9  nose 
radius 
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Five  disks  of  Velumoid  gasket  material  are 
fastened  together  to  serve  as  a  wad  to  hold  the 
separation  charge  in  place.  This  wad  also 
serves  os  a  piston  to  push  the  parachute  and 
specimen  out  of  the  projectile  while  preventing 
the  burning  powder  from  igniting  the  parachute. 
The  parachute  is  wrapped  in  a  metal  foil  liner 
to  protect  the  chute  from  burns.  Hits  also 
reduces  the  load  on  the  parachute  by  delaying 
opening. 

Parachute  and  Specimen  Adapter.  The  canopy 
type  parachute  designed  by  Convair  and  made  by 
the  Prevost  F.  Smith  Parachute  Co.  is  being 
used.  The  canopies  are  made  of  2-ounce,  cross- 
ribbed  nylon  parachute  cloth,  and  have  eight  100 
-pound  test  shroud  lines,  each  composed  of  four 
3-cord  nylon  treads.  This  parachute  with  a  4.5- 
gram  specimen,  has  a  terminal  velocity  leas 
than  10  feet  per  second.  This  type  of  parachute 
has  been  fired  4  or  5  times  before  replacement 
was  necessary.  The  type  of  specimen  adapter 
now  being  used  is  shown  In  Figure  7- 10. 


dia 

Figure  7-M.  Specimen  Adopter,  Seal e  4:1 


Flgvra  7-19.  Teat  Specimen  Coniigvtetien* 


Velocity  Measurement.  The  velocity  of  the 
specimens  was  carefully  checked  and  found  to 
be  2,260  feet  per  secomi  from  10  to  30  feet  In 
front  of  the  gun.  At  480  to  600  feet  in  front  of 
the  gun  the  velocity  was  found  to  be  1,870  reet 
per  second.  The  Bpeed  was  measured  by  a 
Berkely  time  Interval  counter.  The  targets 
were  set  20  feet  apart.  The  projectile  started 
the  timer  by  shorting  two  sheets  of  metal  foil 
at  the  first  target  and  stopped  the  timer  by 
shorting  two  sheets  of  metal  foil  which  made  up 
the  second  target.  The  elapsed  time  was  used 
to  determine  the  average  speed. 

Test  and  Results.  The  standard  test  used  for 
evaluating  plastic  materials  has  been  at  Mach 
2  over  a  500-foot  path  of  simulated  rainfall. 
The  rainfall  droplet  size  is  held  to  1.0  milli¬ 
meters.  Materials  are  rated  by  distance 
traveled  through  1-inch  per  hour  rainfall,  at 
Mach  2.  It  has  been  determined  by  Convair  that 
2-inch  per  hour  rainfall  for  500  feet  will  result 
in  approximately  the  same  number  of  impacts 
as  1-inch  per  hour  for  1,000  feet.  Therefore, 
all  results  specified  will  be  in  terms  of  distance 
traveled  in  1-inch  per  hour  simulated  rainfall 
with  a  1.0-mllUmeter  droplet  size  at  Mach  2. 
This  can  also  be  related  to  time,  since  it  takes 
approximately  1/4  second  to  traverse  500  feet 
at  Mach  2. 

The  standard  20-millimeter  specimen  has  a 
0.19-inch  nose  radius,  as  indicated  by  Figure 
7-19.  Flat  plate  specimen  and  0.09-lnch 
ceramic  specimen  configurations  are  also 
illustrated. 

TeBt  results  obtained  to  date  indicate  that  the 
approved  neoprene  coatings,  which  were  the 
most  satisfactory  at  subsonic  speeds,  do  not 
provide  sufficient  rain  erosion  protection  for 
reinforced  plastics  at  supersonic  speeds.  They 
last  for  2,000  feet  through  a  1-inch  per  hour 
rainfall  at  Mach  2  before  they  are  eroded  and 
completely  torn  off.  Typical  polyester  rein- 
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forced  plastics  last  for  1,000  feet  in  1-inch  per 
hour  rainfall  with  no  protective  coating.  Bare 
epoxy  type  specimens,  such  as  Epon  1001,  will 
last  for  3,000  to  4,000  feet  before  severe  damage 
occurs,  and  even  then  the  damage  is  not  as 
severe  as  caused  to  the  bare  polyester  after 

fTVln  n  fi<  nlliA*  <iuka  In  nil  nil  nn 
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of  the  data  being  obtained  on  polyester  versus 
epoxy  resin  reinforced  plastics  at  subsonic 
speeds  by  Cornell. 15 

The  most  erosion  resistant  material  evaluated 
thus  far  has  been  a  ceramic  made  by  the 
Raytheon  Corporation.  The  97  percent  AI2O3 
(alumina)  specimen  was  a  30°  cone  with  a  0.09- 
lnch  radius.  In  37,500  feet  of  travel  at  -Mach  2 
in  a  1-inch  per  hour  rainfall,  the  specimen  has 
exhibited  no  erosion.  This  also  substantiates 
the  Cornell  work,  where  ceramics  and  cerams 
have  been  outstanding. 

Based  on  the  poor  supersonic  rain  erosion 
properties  of  the  plastic  materials  themselves, 
variations  in  configuration  were  attempted. 
This  consisted  of  short,  pointed,  metal-tipped 
conical  specimens  utilizing  approved  neoprene 
coatings  along  the  sides  of  the  specimen.  A 
30°  cone  (included  angle)  with  Goodyear  23-58 
along  the  sides  had  the  coating  penetrated  in 
43,500  to  66,000  feet  of  travel.  These  figures 
are  for  the  coating  system  applied  to  24ST 
aluminum  specimens.  With  a  polyester  laminate 
base  material  and  metal  cap,  the  maximum  dis¬ 
tance  obtained  in  30°  specimens  wr  8  18,000  feet. 
At  this  time  the  coating  was  deeply  abraded  but 
not  penetrated.  Failure  of  the  laminate  at  the 
parachute  attachment  prohibited  further 
testing.  14 

Effect  of  Cone  Angle.  One  of  the  studies 
undertaken  was  to  determine  the  effect  of 
changing  the  cone  angle  with  respect  to  the 
erosion  rate.  In  changing  from  a  30°  cone  to  a 
60°  cone,  the  erosion  rate  was  approximately 
doubled.  This  can  be  seen  in  Figure  7-20.  For 
a  30°  24ST  aluminum  cone  with  a  Goodyear  23- 
56  coating,  the  specimen  traveled  through  an 
equivalent  distance  through  1-inch  per  hour 
rainfall  of  from  43,500  to  66,000  feet  before  the 
coating  was  penetrated.  For  the  60°  cone  with 
similar  coating,  the  distance  was  reduced  from 
24,000  to  27,000  feet  before  penetration  of  the 
coating.  The  90°  cone  traveled  from  12,000  to 
15,000  feet  before  penetration. 14 

Effect  of  Velocity.  A  similar  study  was  under¬ 
taken  to  determine  the  erosion  rate. at  various 
specimen  velocities.  Flat  plate  disks,  1/8-inch 
thick,  of  Epon  1001  reinforced  laminate  were 
used  as  test  specimens.  To  erode  through  80 
percent  of  the  first  layer  of  glass  fiber  it  was 
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necessary  for  the  specimens  to  travel  through 
over  1,500  feet  at  2,800  feet  per  second  (Mach 
2,5),  6,000  feet  at  2,240  feet  per  second  (Mach 
2),  and  12,000  feet  at  1,700  feet  per  second 
(Mach  1.5).  It  appears  that  in  increasing  the 
speed  by  1/2  Mach  number  the  erosion  rate  was 
approximately  doubled.  Figure  7-21  is  a  curve 
of  these  results. 

67-Miillmeter  Tests.  One  of  the  most  severe 
drawbacks  to  the  20-mlllimeter  test  procedure 
is  the  small  size  of  the  test  specimens.  This 
has  caused  difficulty  In  fabricating  and  coating 
the  specimens  properly  and  also  in  evaluating 
the  rain  erosion  damage  incurred  in  the  test 
firingB. 

Therefore,  a  57- millimeter  cannon  has  been 
obtained  and  installed  at  the  Camp  Elliot  test 
range.  The  recovery  method  is  basically  the 
same.  Stronger  parachutes  have  been  designed 
and  evaluated.  Preliminary  firings  have  been 
conducted  and  recovery  techniques  and  fusing 
problems  solved. 

This  cannon  is  presently  ready  for  use.  A 
program  will  be  initiated  immediately  to  evalu¬ 
ate  typical  plastic  materials  such  as  polyester, 
phenolic,  epoxy  resin-glass  laminates.  These 
will  be  evaluated  with  and  without  coatings  and 
with  and  without  metal  caps.  A  standard  57- 
mtlllmeter  test  specimen  has  been  designed;  it 
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is  illustrated  in  Figure  7-22.  Ceramic  and 
ceram  67- millimeter  specimens  will  be  fabri¬ 
cated,  and  will  be  evaluated  at  supersonic 
speeds.  These  will  include  all  available 
ceramics  arid  new  ceramic  materials  devel¬ 
oped  for  superior  rain  erosion  resistance 
properties. 

The  rain  erosion  test  range  has  been  improved 
and  expanded  to  1,500  feet,  which  will  supply  0- 
lnch  per  hour  rainfall.  This  will  make  one 
firing  through  this  range  equivalent  to  9,000  feet 
of  travel  through  1-lnch  per  hour  rainfall  or  the 
equivalent  of  4  1/2  seconds  of  exposure  at  Mach 
2  through  a  1-lnch  per  hour  rainfall.  The  rain¬ 
fall  issues  from  spray  nozzles  mounted  15  feet 
above  ground  level  and  directly  over  the  pro¬ 
jectile  path.  The  width  of  the  spray  will  be 
enough  to  prevent  the  wind  from  shifting  the 
entire  spray  out  of  the  trajectory  of  the  pro¬ 
jectile.  Supply  water  will  be  pumped  from  a 
water  main  in  Murphy  Canyon  to  the  storage 
tanks  at  the  range.  This  will  alleviate  the 
water  shortage  problem  prevalent  in  the  500- 
foot  facility. 

Rainfall  Intensity.  An  Important  aspect  of 
high-speed  rain  erosion  studies  is  the  simula¬ 
tion  of  the  parameters  of  the  actual  rainfall. 
The  most  Important  parameter  is  tho  rain  in¬ 
tensity,  which  is  simulated  by  using  the  para¬ 
meter  water  content  per  unit  volume  in  place  of 


inches  per  hour  rainfall.  The  rain  intensity  is 
defined  in  greater  detail  by  specifying  size  and 
percentage  distribution  of  various  drop  dia¬ 
meters.  In  conducting  the  water  content  survey, 
two  separate  analyses  are  required,  drop  size 
distribution  and  total  water  content.  Water- 
tiiups  are  captured  in  a  pan  o 1  oil  and  the  total 
drop  number  per  unit  area  is  determined.  The 
oil  pan  utilizes  1/8  inch  of  motor  oil  and  over 
1/8  inch  of  silicone  oil.  Actual-size  pictures 
Indicate  the  drop  count  and  size  determination 
by  use  of  a  comparator.  Checks  can  be  made  by 
catching  5  to  10  drops  in  a  small  dish  of  oil, 
which  are  estimated  for  size  visually  and  then 
accurately  weighed  In  an  analytical  balance. 
The  resultant  average  diameter  has  checked  out 
extremely  closely  for  both  methods. 14 

The  total  amount  of  free  water  per  cubic 
volume  is  determined  by  means  of  a  collection 
bottle  attached  to  the  end  of  a  rotating  arm.  The 
arm  is  rotated  by  an  electric  motor  which  also 
actuates  a  revolutloncounter.  The  apparatus  Is 
set  up  in  the  rain  area  and  is  rotated  for 
approximately  one  minute.  The  collection 
bottle  is  removed  and  weighed.  Then,  knowing 
the  area  traversed  by  the  sampling  container, 
the  number  of  revolutions,  the  frontal  or  cap¬ 
ture  area  of  the  sampler,  and  the  net  weight  of 
water,  it  is  possible  to  determine  the  volumetric 
water  content.  From  this  Information  the  num¬ 
ber  of  drop  impacts  can  be  determined  along 
with  the  drop  sizes. 

7-18.  Rocket  Sled  Test  Method 

The  use  of  a  rocket  Bled  at  Convair  to  propel 
a  full-scale  radome  through  simulated  rainfall 
was  planned  to  evaluate  radomes  and  radome 
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materials.  The  object  is  to  determine  that  the 
results  obtained  by  the  ballistic  method  on 
small-scale  projectiles  are  applicable  to  full- 
scale  flight,  and  to  accumulate  supersonic  rain 
erosion  data  on  the  full-scale  radome.14 

31cm  uclrtuo.  Tnc  iiutunup  Aire  rail  Cum- 
pany  built  a  rocket  sled  to  carry  a  full-scale 
lion-arc  and  a  multiple  arrangement  of  Falcon 
radomes  at  speeds  of  Mach  2  Ihruugh  simula¬ 
ted  rainfall.  This  test  vehicle  was  designed  to 
operate  on  the  10,000  foot  Edwards  Air  Force 
Base  high-speed  experimental  track.  A 
sprinkler  system  was  installed  to  supply  a  sim¬ 
ulated  rainfall  between  3,800  feet  and  5,000  feet 
along  the  track.  The  rainfall  rate  at  the  radome 
center  l..ie  was  4.3  inches  per  hour;  all  drops 
were  1.9  millimeter  in  diameter. 

The  completed  rocket  sled  was  designed  to 
attain  the  maximum  velocity  of  Mach  2.0,  using 
V4  rockets  (solid  propellant)  with  a  rated  thrust 
of  11,000  pounds  each.  A  pusher  sled  mounting 
five  identical  rockets  was  available  for  initial 
acceleration.  The  rocket  Tied  weight  was  1,191 
pounds  without  the  rockets,  but  with  the  instru¬ 
mentation  and  the  Bomarc  radome. 

The  first  firing  of  the  sled  carrying  the 
liomarc  radome  attained  p.  maximum  velocity 
of  1,022  feet  per  second  through  the  rainfall  and 
was  a  successful  checkout  run. 

The  second  run,  at  a  speed  of  Mach  1.2,  re¬ 
sulted  in  the  sled  flying  off  the  track  at  station 
4200  at  a  velocity  of  1,490  feet  per  second,  due 
to  failure  of  the  slippers,  which  were  made  of 
75ST  aluminum. 

Convair  designed  and  fabricated  the  second 
rocket  sled  and  pusher  combination.  The  sled 
was  designed  for  light-weight  (300  pounds) 
presentation  of  minimum  drag  area,  and  mini¬ 
mum  horizontal  plate  area  at  track  level. 

A  group  of  twelve  rockets  of  11,000-pound 
thrust,  which  bum  for  only  2.2  seconds,  are 
necessary  for  the  acceleration  of  the  Bomarc 
radome  to  Mach  2.0.  Each  rocket  contains  142 
pounds  of  solid  propellant.  Seven  of  the  rockets 
are  on  the  sled  and  five  are  on  a  pusher  sled. 
The  pusher  sled  accelerates  the  test  unit  to  a 
speed  of  more  ‘.ban  020  miles  per  hour  on  the 
first  950  feet  of  track.  The  rockets  on  the  sled 
are  fired  automatically  at  this  point  and  the  sled 
accelerates  away  from  the  pusher  with  a  force 
of  25  G. 

The  firing  device  for  the  sled  Is  a  bronze 
screen  between  the  track,  which,  when  cut  by 
two  knives  mounted  on  the  sled,  shoots  a  600- 


volt  current  into  the  igniters  on  the  bottles.  The 
four  slippers  are  made  of  steel,  lined  with 
stainless  steel  .nserts  which  ride  on  top  and 
underneath  the  rail  flange.  They  are  red  hot 
during  the  runs,  and  reach  temperatures  of 
1,500°  F.  The  inserts  usually  last  four  runs. 

ittg  equipniL'iii  it»  uuiil  iuiu  37  iiK-iieo 
of  the  sled  frame,  which  is  made  up  of  three 
curbed  and  welded  5  1/2-inch  diameter  steel 
tubes,  with  a  wall  thickness  of  about  3/ 10  inch. 
Accelerometers  are  used  to  measure  vertical, 
lateral,  and  longitudinal  acceleration  through¬ 
out  the  run.  The  Bendix  accelerometers  send 
the  information  to  a  recording  center. 

Sled  speed  is  measured  by  a  magnet  on  the 
frame  passing  over  coils  located  at  intervals 
along  the  track.  Recording  oscillographs 
measure  the  speed  of  the  sled  by  registering 
time  intervals  between  50-foot  lengths  of  track 
to  within  0.0001  second. 

A  standard  water  trough  at  the  end  of  the  rack 
(water  brake)  is  used  to  decelerate  the  sled.  A 
water  scoop  is  built  below  the  sled  frame.  The 
frame  is  curved  back  over  the  twin  rear 
slipperB,  channeling  water  up  out  of  the  trough, 
turning  it  through  160°,  then  discharging  it  out 
both  sides  at  the  rear.  The  sled  is  thus  stopped 
by  momentum  transfer.  The  water  trough  is 
2,000  feet  long  and  the  track  slopes  down  to 
permit  the  scoop  to  enter  the  water  gradually. 

TeBt  Runs.  Three  successful  runs  were  con¬ 
ducted  utilizing  this  sled  carrying  the  Bomarc 
radome  through  the  simulated  rainlall.  They 
were  at  average  Bpeeds  of  Mach  1.25,  1.35,  and 
1.67  through  the  1,200-foot  simulated  rainfall 
path.  The  Bomarc  radome  had  a  metal  nose  rap 
with  an  epoxide  Epon  1001  plug  in  the  center  of  < 
the  nose  and  was  uncoated  along  the  sideB.  After 
the  Mach  1.97  run,  severe  delamlnatlon  was 
noted,  and  on  the  front  portion  of  the  radome 
just  to  the  rear  of  the  metal  cap  the  epoxide 
plug  had  become  seriously  delaminated.  The 
sides  of  the  radome,  while  exhibiting  evidence 
of  droplet  impacts,  were  not  seriously  eroded. 

A  successful  Mach  2  rocket  sled  run  was 
made  on  25  April  1956,  at  Edwards  Air  Force. 
Base,  carrying  a  full-scale  Bomarc  radome. 
The  sled  achieved  a  velocity  of  Mach  2.023 
(1,560  miles  per  hour)  which  is  a  world’s 
speed  record  for  recoverable  sleds.  Up  to  this 
time,  the  maximum  recoverable  sled  velocities 
which  had  been  attained  were  1,280  miles  per 
hour. 

The  sled  was  fired  through  the  1,200  feet  of 
simulated  rainfall  on  the  10,000-foot  high-speed 
experimental  track.  The  water  range  had  a 
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water  content  of  0.25  gram  per  cubic  foot, 

which  is  analogous  to  a  natural  rainfall  rota  nf 

8  inches  per  hour  with  a  1.0  millimeter  drop¬ 
let  size.  This  rainfall  path  is  equivalent  to 
16,800  feet  of  1-inch  per  hour  rainfall. 

Twelve  rockets  developing  a  thrust  of  132,000 
pounds  were  utilized  to  accelerate  the  800-pound 
sled  to  Mach  2.  A  2,000-foot  brake,  which 
starts  at  station  8000,  was  used  to  decelerate 
the  sled,  which  came  to  a  halt  200  feet  from  the 
end  of  the  track. 

The  Bomarc  radome  is  made  with  Vibrln  135 
heat-resistant  polyester  resin,  and  is  approxi¬ 
mately  0.3  Inch  thick.  A  metal  cap  which  can 
hold  a  small  plug  was  located  on  the  nose  end 
of  the  radome.  The  plug  was  an  Epon  1001 
resin-glaas  cylindrical  plug  that  had  been  ex¬ 
posed  to  the  three  previous  checkout  runs  at 
Mach  1.25,  1.35,  and  1.67  through  simulated 
rainfall.  The  entire  Bomarc  radome,  from  the 
metal  cap  back,  was  coated  with  MIL-C-7439B 
approved  Goodyear  23-56  rain  erosion  coating 
system. 

Test  Results.  Severe  rain  erosion  damage  re¬ 
sulted  after  this  one- second  run  through  the 
simulated  rainfall.  The  coating  was  peeled 
back  and  the  laminate  delaminated  through  four 
to  five  piles  at  least  one  foot  back  on  the  radome 
from  the  metal  cap.  The  metal  cap  also  showed 
Indentions  from  the  impact  of  the  rain  drops, 
and  the  Epon  1001  plug  was  seriously  eroded. 

The  sides  of  the  radome  back  from  the  eroded 
area  were  not  eroded  through  the  coating,  al¬ 
though  the  droplet  impact  marks  could  easily 
be  seen. 

•  .u 

It  Is  planned'  to  fire  tills  radome  at  least 
twice  more  to  ascertain  whether  damage  will 
occur  to  the  sides  of  the  radome  on  extended 
exposure  to  rain  at  Mach  2.  A  metal  cap  will 
be  fabricated  to  replace  the  eroded  portion  of 
the  radome  which  will  be  cut  off. 

The  results  obtained  to  date  indicate  that  the 
Bomarc  radome,  after  a  1-second  exposure  to 
8-inches  per  hojr  rainfall,  will  suffer  severe 
rain  erosion  damage  with  the  use  of  the  present 
metal  cap  and  radome  design.  ThiB  indicates  a 
possible  problem  area  for  the  present  Bomarc 
radome  conflgurat'on  on  flights  through  rain. 

Immediately  after  completion  of  the  Bomarc 
testing  the  Falcon  program  will  be  Initiated. 
Hughes,  Convair  and  Edwards  Air  Force  Base 
are  presently  coordinating  on  the  design  of  the 
Falcon  radome  and  specimen  adapter  for  these 
tests. 


7-19.  Army  Ordnance  57-Millimeter  Program 


A  program  at  Edgewood  Arsenal  under  Army 
Ordnance  supervision  was  sponsored  by  the  Air 
Force  to  obtain  further  data  on  the  phenomena 
of  rain  erosion  at  supersonic  speeds  through 
rainfall.  17 

Test  Details.  Shells  with  a  solid  plastic  nose 
section,  al  shown  in  figure  7-23,  were  fired 
vertically  at  initial  velocities  of  Mach  2.0  and 
2.75  through  natural  rainfall.  The  shells,  due 
to  a  weighted  base,  return  to  earth  tall  first  and 
are  buried  in  the  ground  with  relatively  no 
damage  to  the  plastic  nose  section.  Aftei  re¬ 
covery,  the  materials  are  examined  for  erosion 
damage. 

The  plastics  were  fabricated  by  Cornell  Aero¬ 
nautical  Laboratory  and  have  a  1/ 4-inch  radius. 
Specimens  were  molded  of  glass- reinforced 
polyester  resin,  reinforced  heat  resistant 
resins,  and  a  reinforced  alkyd  molding 
compound.  Part  of  the  specimens  were  dip 
coated  with  approved  neoprene  rain  erosion 
coatings  meeting  the  requirements  oi  MIL-C- 
7439B.  Heat  resistant  lactoprene  type  coatings 
developed  by  Goodyear  Tire  and  Rubber  Com¬ 
pany  were  also  evaluated. 

The  57-mlllimeter  gun  at  Edgewood  Arsenal 
was  standardized  by  firing  a  series  of  pro¬ 
jectiles,  using  aluminum  ogive  noses  of  the 
approximate  weight  and  design  as  the  teBt 
specimens.  A  potter’s  type  counter  chronograph 
waB  used  to  time  the  projectiles  and,  by  ex¬ 
periment,  the  amount  of  propellant  required  to 
obtain  the  desired  velocities  was  determined. 
Approximately  26  ounces  of  M-l  propellant  are 
needed  to  reach  a  muzzle  velocity  of  Mach  2.0 
and  38  ounces  for  Mach  2.75.  Based  on  compu¬ 
tations,  the  velocity  of  the  specimens  fired  at  an 
initial  value  of  Mach  2.0  drops  off  to  1.2  at 
6,500  feet.  Similarly,  the  velocity  drops  from 
an  initial  Mach  2.75  to  1.82. 

The  charged  shell  and  projectile  are  loaded 
into  a  57-millimeter  gun  designed  especially  for 
these  tests  and  fired  nearly  vertically  (85  to  90° 
depending  upon  wind  direction  and  velocity).  The 
projectile  rises  25,000  feet  and  requires 
approximately  80  seconds  for  a  complete  tra¬ 
jectory  at  Mach  2.0  and  93  to  95  seconds  at 
Mach  2.75.  The  projectile  falls  tail  first  at 
close  to  1,100  feet  per  second  and  ordinarily 
strikes  the  earth  in  a  1,200-foot  square  field 
marked  in  squares,  about  100  feet  from  the  gun 
station.  Men  in  three  towers  snot  the  impact  by 
sight  and  sound  and  then  record  the  UK) -foot 
square  regions  in  which  the  projectiles  can  be 
located. 
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I'lgun  7-23 .  Cnn  StcNin  of  Skill  and  Plaitlc  Ogivi 


The  amount  of  rainfall  during  the  teat  la  meas¬ 
ured  by  volume  and  then  converted  to  Inches  per 
hour.  An  8- Inch  diameter  glass  funnel  Is  held 
for  1  minute  In  the  vicinity  of  the  gun  during 
each  firing.  The  water  flows  Into  a  graduated 
cylinder  and  the  volume  figure  is  converted  into 
inches  per  hour. 

A  standard  rain  gage  la  also  used  when  the 
testa  last  for  extended  periods.  This  is  in 
addition  to  the  volumetric  method.  This  gage 
consists  of  an  8-inch  diameter  metal  funnel 
which  necks  down  to  a  tube  approximately  3 
Inches  In  diameter,  and  about  2  feet  long.  A 
ruje  la  inserted  Into  the  tube  after  a  specified 
period  and  the  water  depth  read  off  a  calibrated 
scale. 

For  this  program,  the  height  of  the  rain  Is 
assumed  to  extend  to  the  top  of  the  clouds.  The 
altitude  of  the  clouds  la  computed  by  the  Friend¬ 
ship  International  Airport  at  Baltimore  with  a 
quadrant  which  measures  the  angle  to  the  top  of 
a  beam  of  light.  The  cloud  height  determines 
the  length  of  the  lain  course  and  la  used  to  de¬ 
termine  average  velocities  and  time  of  flight 
through  rain. 

The  U.  S.  Department  of  Commerce  pamphlet 
called  "Climatological  Data"  givo»  a  day-by¬ 


day  account  of  the  amount  of  precipitation  at  a 
number  of  locations  In  the  Edgewood  Arsenal 
vicinity.  During  the  summer  months  of  1053, 
rain  occurred  approximately  6  days  per  month 
with  an  average  of  0.5  inch  for  each  day.  In  the 
winter  months,  rain  also  occurred  8  days  per 
month  but  with  an  average  of  0.6  Inch  per  day. 
One  of  the  major  inadequacies  of  this  type  of 
test  Is  that  the  program  is  dependent  upon 
natural  rainfall;  also,  the  rain  conditions  are 
never  uniform  over  an  area  and  naturally  vary 
from  day  to  day.  However,  extremely  useful 
data  have  been  obtained  from  this  program, 
which  basically  substantiates  the  Convalr 
supersonic  rain  erosion  test  results  obtained  by 
a  controlled  uniform  simulated  rainfall. 

Teat  Results.  Bare  and  coated  reinforced 
polyester  plastic  specimens  fabricated  from  181 
Voian  A  glass  cloth,  with  Selectron  5003  resin, 
were  evaluated  against  181  Voian  A  glass  cloth 
with  heat  resistant  Vibrin  X-1068  resins.  The 
approved  neoprene  coatings  (Goodyear  23-58  and 
Gates  N-79)  were  utilized.  Also,  181  Voian  A 
fabric,  impregnated  with  Vibrin  135  and  coated 
with  Goodyear  23-56,  and  Goodyear  Lactoprene 
R- 12x4-239  materials  were  evaluated.  Plaskon 
440A  reinforced  alkyd  molding  compound  was 
also  evaluated. 
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The  results  obtained  Indicated  that: 

a.  The  coated  and  uncoated  glass  reiniorced 
plastic  laminates  erode  in  rain  at  Mach  2.0  and 
2.7!>  alter  Just  one  firing  for  rain  exposures  of 
2  and  1.5  seconds,  respectively. 

b.  The  uncoated  Selectron  5003  laminate 
specimens  have  slightly  better  rain  erosion  re¬ 
sistance  at  the  supersonic  velocities  of  Mach 
2.0  and  Mach  2.75  than  the  uncoated, heat-cured 
Vibrin  X-1068  laminate  specimens.  The 
erosion  of  both  laminates  is  greater  at  Mach 
2.75  than  2.0. 

c.  The  rain  erosion  resistance  of  neoprene 
coatings  of  Goodyear  23-56  and  Gates  N-79  are 
very  much  alike  at  supersonic  speeds. 

d.  In  these  tests,  the  rain  erosion  of  10-mll 
coatings  of  Goodyear  23-56  and  Gates  N-79 
neoprene  is  negligible  after  2  seconds  at  Mach 
2.0  in  light  rainfall.  After  4  seconds,  however, 
the  coatings  show  increased  pitting  on  the  nose. 

e.  When  the  velocity  is  increased  to  Mach  2.75 
in  0.1-inch  per  hour  rainfall  the  10-mll 
neoprene  coatings  fail  almost  completely  after 
1  1/2  seconds.  The  air-dried  Goodyear  23-56 
coating  was  covered  with  small  erosion  pits  on 
the  sides  of  the  ogive  after  exposure  to  rain  at 
Mach  2.7. 

I.  Goodyear  23-56  and  Gates  N-79,  applied 
over  the  Vibrin  X-1068  laminate  specimens  and 
baked  for  10  minutes  at  375°  F,  eroded  ata 
slightly  greater  rate  at  supersonic  speeds  than 
the  same  coatings  over  Selectron  5003  lamin¬ 
ates  that  have  not  been  baked. 

g.  Thicker  coatings  of  approved  neoprene  re¬ 
sist  erosion  better  at  supersonic  speeds  than 
10-mil  coatings.  The  10-mil  coatings  pitted 
heavily  or  eroded  off  the  glass  laminate  speci¬ 
mens  after  1  1/2  secondB,  whereas  the  20-  and 
30-mll  coatings  showed  only  moderate  pitting 
after  2  1/2  seconds  at  Mach  2.75.  These  tests 
were  conducted  through  an  average  rainfall  of 
0.15-inchper  hour  and  through  a  6,500-foot  rain 
course. 

h.  The  Goodyear  Lactoprene  coating  R-12  x 
4-239  eroded  much  faster  than  the  Goodyear 
23-56  and  Gates  N-79  neoprene  coatings.  The 
Lactoprene  was  pitted  and  the  coating  eroded 
through  the  nose  at  Mach  2,  whereas  the  10-mil 
coating  neoprene  materials  showed  only  slight 
traces  of  erosion  at  this  velocity.  At  Mach 
2.75  both  Lactoprene  and  neoprene  eroded  badly. 

These  results  correlate  closely  with  the  Con- 
valr,  supersonic  rain  erosion  data  and  also  with 


conclusions  reached  in  the  subsonic  investiga¬ 
tion  at  Cornell. 

This  program  is  still  in  progress.  Further 
data  should  be  available  in  the  near  future. 

7-20.  Missile  Radome  Flight  Test  Program 


This  program  was  initiated  by  the  Hughes  Air¬ 
craft  Company  to  investigate  the  effect  of  rain 
on  missiles  on  supersonic  flights  through  rain¬ 
fall,  utilizing  full-scale  radomes.1® 

Test  Details.  The  test  vehicle  utilized  on  this 
program  was  developed  by  the  Lockheed  Air¬ 
craft  Corporation.  It  is  capable  of  recovering 
the  radome  Intact  and  allows  for  retiring  if 
necessary. 

The  testing  was  originally  done  at  Holloman 
Air  Development  Center,  but  was  transferred 
to  Eglln  Air  Force  Base,  where  the  bulk  of  the 
rain  erosion  testing  was  accomplished,  because 
it  rains  more  often  in  Florida.  Range  facilities 
at  Eglin  are  satisfactory. 

The  flight  time  of  the  missile  is  adjusted  for 
a  trajectory  which  will  land  the  nose  section  in 
an  area  where  it  can  be  recovered  easily.  After 
the  necessary  flight  time  has  been  obtained 
(usually  11  seconds),  a  second  motor  is  blown 
off  and  the  missile  tumbles  for  3  seconds,  at 
which  time  the  parachute  canister  is  blown  off 
and  the  chute  opens.  The  parachute  spikes  are 
ejected  after  another  3  seconds  and  the  missile 
is  floated  to  the  ground,  where  the  spikes  im¬ 
pinge.  The  spikes  are  in  the  rear  of  the  missile 
and  the  nose  section  lands  face  up. 

The  maximum  speed  capability  ol  this  test 
procedure  is  at  present  Mach  2.9  with  a  one- 
stage  vehicle  using  a  Deacon  rocket  motor. 

The  rain  intensity  at  the  time  of  firing  is 
measured  by  using  tipping-bucket  rain  gages 
located  along  the  flight  path.  These  are  used 
at  the  Eglin  test  site  and  are  connected  to  a 
recorder  at  the  launch  site  so  that  rainfall  data 
throughout  the  flight  path  will  be  continuously 
available.  These  data  are  used  in  determining 
the  time  for  initiating  the  firing,  the  time  in 
rain  fp.'  each  firing,  and  the  average  rainfall 
encountered  in  flight. 

All  test  results  were  obtained  on  ground- 
launched  test  missiles  launched  at  a  25°  angle 
into  a  rainstorm. 

Test  Flights.  The  first  flight  was  made  in  July 
1954;  the  radome  evaluated  was  hemispherical 
in  shape  constructed  a(  0.030-inch  thick  phenolic 
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(CTL-91LD)  laminate  backed  with  a  thermoset¬ 
ting  tool  plastic.  It  was  launched  into  a  very 
heavy  rair*  >mrn«inat«tv  1.6  inches  oer  hour. 
The  radome  was  eroded  through  and  stripped 
from  the  backing;  about  one- third  of  the  tool 
plastic  was  also  eroded.  The  average  velocity 
of  the  test  missile  for  the  12-second  flight  was 
Mach  1.6  and  the  maximum  speed  attained  was 
Mach  2.6. 

A  plastic  radome  was  fabricated,  utilizing  a 
Diall  79SB  diallyl  phthalate  molding  compound 
filled  with  Orion  fibers  and  loaded  with  titanium 
dioxide.  It  had  a  metal  tip  and  was  hall  coated 
with  Gates  N-79  approved  neoprene  coating. 
The  other  half  was  uncoated.  The  radome  was 
ogival  in  shape  and  had  a  wall  thickness  of 
approximately  1/4  inch  (half  wave  length).  It 
was  fired  into  an  0.1-lnch  per  hour  rainfall  and 
successfully  recovered.  It  attained  a  maximum 
velocity  of  Mach  2.6.  This  radome  successfully 
withstood  flight  in  rain,  and  there  was  little 


damage  to  the  plastic,  although  the  coated  half 
peeled  considerably.  The  metal  cap,  ogival  in 
shape,  utilized  in  this  radome  construction  is 
the  same  type  as  that  used  on  the  metal- capped, 
conical- shaped  specimens,  which  proved  the 
most  rain  erosion  resistant  type  evaluated  in 
the  ballistics  test. 


Subsequent  tests  utilizing  this  method  have 
evaluated  the  Diall  molding  compounds  with  and 
without  metal  caps.  When  fired  into  light  rain¬ 
fall,  these  radome  s  are  not  seriously  damaged 
even  with  the  metal  tips  for  the  Bhort  time 
duration  of  approximately  10  seconds  which  is 
involved.  Mycalex  type  material,  which  has 
been  evaluated  at  subsonic  speed  and  found  to 
be  unsatisfactory,  was  also  seriously  eroded  in 
the  supersonic  flight  test  program.  Complete 
data  on  these  tests  are  not',  available  at  the 
present  time  but  should  be  available  in  the  near 
future. 


SECTION  F.  GENERAL  SUMMARY 


Paragraphs  7-21  and  7-22  summarize  the 
present  approach  to  subsonic  and  supersonic 
rain  problems. 


7-21.  Subsonic  Rain  Erosion 

1.  The  approved  coatings  being  applied  to  air¬ 
craft  exterior  plastic  parts  are  relatively  sat¬ 
isfactory  in  service  at  subsonic  Bpeeds.  They 
provide  adequate  protection  when  properly 
applied  In  proper  thickness  to  a  structurally 
sound  radome.  New  coating  materials  with 
promise,  such  as  polyurethanes,  will  continue 
to  be  evaluated  as  possible  equivalent  or  super¬ 
ior  coating  systems. 


2.  The  use  of  rain  erosion  coatings  over  epoxy 
type  laminates  may  provide  increased  rain 
erosion  exposure  capabilities,  since  epoxys  have 
exhibited  rain  erosion  properties  much  superior 
to  polyesters.  The  support  properties  of  the 
laminate  must  be  adequate  to  insure  proper 
coating  performance. 


3.  The  neoprene  coatings  have  unsatisfactory 
thermal  reflection  properties.  A  white  rain 
erosion  coating  is  being  developed  and  results 
are  anticipated  in  the  near  future. 


7-22.  Supersonic  Rain  Erosion 

\ 

1.  The  supersonic  rain  erosion  problem  Is 
much  more  acute  then. the  subsonic.  The  Con- 
vair  ballistics  teBt  results  have  been  corrobor¬ 
ated  by  the  rocket  sled  tests  on  full-scale  ra- 
domes.  The  use  of  metal-tipped  radomes  with 
a  small  included  angle,  and  of  ceramic  with 
conical  shapes,  have  been  the  most  successful 
means  developed  to  date  of  obtaining  more 
satisfactory  rain  erosion  properties.  Materials 
and  configurations  currently  used  onsubsonlc 
aircraft  are  unsatisfactory  at  speeds  of  Mach 
2  and  higher.  It  is  considered  that  a  solution 
to  the  problem  will  be  a  combination  of  im¬ 
proved  materials  and  design  techniques. 

2.  The  present  supersonic  test  apparatus  is 
accumulating  vitally  needed  data.  However, 
this  test  is  of  Bhort  time  duration,  and  exten¬ 
sive  recovery  and  retiring  is  necessary  to 
accumulate  even  short  time  exposures.  A  pro¬ 
gram  has  recently  been  initiated  at  Cornell 
Aeronautical  Laboratory  to  determine  the 
feasibility  of  utilizing  a  supersonic  rotating  arm 
for  evaluation  of  radome  materials  for  extended 
time  periods  at  supersonic  speeds.  The  avail¬ 
ability  of  such  apparatus  and  the  accumulation 
of  more  supersonic  rain  erosion  teat  data  on  all 
available  materials  are  necessary  to  provide  a 
basis  for  future  work  by  the  Air  Force  on  the 
development  of  supersonic  rain  erosion  resis¬ 
tant  materials. 
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Chapter  8 


ORGANIC  MATERIALS  AND  RADOME 

CONSTRUCTIONS 


SECTION  A.  INTRODUCTION 


Radomes  for  aircraft  have  presented  many 
difficult  problems,  both  to  the  designer  and 
materials  engineers,  due  to  the  limitations  of 
size,  weight,  eloctrical  properties,  and  the 
great  range  of  operating  conditions  encoun¬ 
tered, 

8-1.  Design  Problem 

The  type  of  materials  used  in  the  fabrication 
of  these  rigid  structural  housings  has  been  dic¬ 
tated  by  such  factors  as  moisture  absorption, 
mechanical  strength,  and  electrical  properties 
under  extremes  of  temperatures  ranging  from 
-60  to  800°  F,  It  is  Important  to  realize  that 
airborne  radar  antenna  housings  are  the  result 
of  a  compromise  among  the  radar,  structures, 
materials,  and  production  engineers,  for  there 
la  no  magic  material  that  will  completely  sat¬ 
isfy  the  requirements  of  each  design  group. 

The  problem  of  designing  a  radome  that  is 
satisfactory  from  an  aerodynamic,  electrical, 
structural,  and  production  standpoint  has  occu¬ 
pied  the  best  research  and  development  talent 
for  the  last  decade. 

8-2.  Radome  Materials  Development 

During  World  War  II,  the  first  radomea  were 
made  from  wood  veneers  Impregnated  and 
bonded  together  with  phenolic  resins  to  form 
ogive-shaped  housings  of  plywood.  This  wood, 
with  thin  glue  lines,  had  a  low  dielectric  con¬ 
stant.  It  was  soon  found  that,  due  to  the  high 
water  absorption  on  exposure  to  rain,  the  di¬ 
electric  constant  Increased  to  such  a  degree 
that  they  were  unsatisfactory.  This  difficulty 


was  partially  overcome  by  Impregnating  the 
veneer  with  the  phenolic  resin  which  was  also 
used  for  bonding.  This  resulted  In  radomes 
that  were  satisfactory  in  that  the  water  absorb¬ 
ed  was  reduced,  but  the  dielectric  constant  was 
materially  higher.  Since  the  radome  walls 
could  not  be  made  thinner,  the  radomea  had 
rather  high  reflections. 

Polyfiber  Radomes.  A  great  amount  of  re¬ 
search  work  was  carried  out  during  this  period 
investigating  various  organic  materials  with 
low  dielectric  constants  that  could  be  fabri¬ 
cated  into  shapes  that  wero  structurally  satis¬ 
factory  for  airborne  radomes. 

Late  in  1942  Dow  Chemical  Company  devel¬ 
oped  a  process  tor  extruding  very  fine  poly¬ 
styrene  fibers.  These  fibers  were  available  In 
mats  which  could  be  compression  molded  with 
fairly  low  pressures  and  temperatures  into  a 
dense  structural,  low  dielectric,  material. 
This  material  was  called  Polyfiber.  Labora¬ 
tory  tests  at  M.LT.  and  production  development 
work  Indicated  that  satisfactory  radomes 
could  be  made  from  this  material.  Since  this 
material  could  be  molded  under  low-pressure 
conditions  and  had  good  electrical  properties, 
Dow  Chemical  Company  went  Into  large-scale 
production  to  meet  the  requirements  of  the 
services  for  radomes.  Manufacturing  methods 
were  improved,  and  a  large  number  of  these 
Polyfiber  radomes  were  produced. 

The  optimum  range  of  density  was  found  to  be 
between  50  and  56  pound?  per  cubic  foot.  This 
density  gave  a  dielectric  constant  in  the  range 
of  2.1  to  2.5.  At  lower  densities  the  fibers 


would  not  bond  together  properly,  while  at 
higher  densities  the  radome  housings  were 
brittle  with  higher  dielectric  constants. 


1.  Solid  homogeneous  wall 


In  about  1944,  the  Bakellte  Corporation  de- 

volnno/1  a  arvliruntloeo  for  0 

similar  polystyrene  fiber.  Both  of  these  mate¬ 
rials  were  used  in  radome  fabrication. 

The  Polyfiber  radomea  had  extremely  low 
water  absorption;  however,  their  heat  resist¬ 
ance  was  low,  and  some  cases  were  reported  of 
thermal  collapse  of  nose-type  radomea  when 
exposed  to  the  sun.  In  addition,  these  Polyfiber 
radomes,  though  structurally  satisfactory  at 
normal  temperatures,  were  found  to  be  rather 
brittle  at  low  temperatures,  and  were  also 
readily  attacked  by  aromatic  aviation  fuels. 


Reinforced  Plastic  Radomes.  The  search  for 
inorganic  materials  with  satisfactory  electrical 
properties  was  continued.  Most  of  these  mate¬ 
rials  were  plastic  in  nature,  and  in  general 
they  were  not  satisfactory  because  of  their  low 
mechanical  strengths,  which  necessitated  rela¬ 
tively  thick-walled  radomes  with  very  high  re¬ 
flections, 


It  was  about  this  time  that  woven  glas3  cloth 
was  used  to  strengthen  the  relatively  weak 
thermosetting  plastic  materials.  This  was  the 
forerunner  of  the  currently  used  glass- rein¬ 
forced  plastic  radomes.  Late  in  1943,  the  use 
of  various  types  of  reinforcement  for  increas¬ 
ing  the  mechanical  properties  of  the  relatively 
weak  plastic  materials  gained  considerable  in¬ 
terest. 


pes  of  Radome  Construction 


In  Chapters  2,  3,  4,  and  5  various  types  of 
radome  wall  construction  are  described,  pri¬ 
marily  from  an  electrical  point  of  view.  These 
Include: 


a.  Thin 

b.  Half-wave 

2.  Sandwiches 

a.  "A”  Sandwich 

(1)  Foam  core 

(2)  Honeycomb  core 

(3)  Fluted  core 

b.  ”B"  Sandwich 

c.  Multiple  wall  or  multiple  sandwich. 

In  many  cases  where  the  thin  wall  Is  not  suf¬ 
ficient  structurally  and  where  a  half-wave  wall 
Is  too  heavy,  a  sandwich  is  used  to  advantage. 
The  relatively  thin  double  or  multiple  skins  are 
stabilized  against  buckling  by  a  low  density 
core  which  results  in  a  light  weight,  mechani¬ 
cally  strong  and  stiff  structure.  Tno  foam-core 
type  "A"  sandwich  probably  possesses  the  op¬ 
timum  strength-to- weight  ratio.  Tooling  for 
the  honeycomb  core  is  less  expensive,  but  here 
thickness  cannot  be  maintained  as  precisely. 
FJ-.tfed  core  sandwiches  provide  channels  in 
which  hot  air  is  circulated  for  anti-icing. 

The  solid  type  "B"  sandwich  is  similar  in 
structural  properties  to  the  solid  half-wave 
wall  except  that  it  has  a  thin,  solid  core  at  the 
mechanical  neutral  axis.  The  core  has  a  rela¬ 
tively  high  dielectric  constant. 

The  multiple  sandwich  has  a  multiplicity  of 
skins  separated  by  low  density  cores.  It  may 
be  considered  as  two  or  more  "A"  sandwiches 
with  zero  spacing  between  them. 


SECTION  B.  MATERIALS  FOR  RADOME  CONSTRUCTION 


8-4,  Classification  of  Plastics 

When  considering  organic  materials  for  air¬ 
borne  radome  construction,  necessity  forces 
one  into  the  use  of  plastics  or  elastomers.  The 
elastomers,  except  for  foamed  core  materials, 
are  quickly  ruled  out  because  of  their  low  mod¬ 
ulus  of  elasticity,  which  makes  them  structur¬ 
ally  undesirable. 

The  more  rigid  plastic  materials  can  be 
classified  Into  two  general  types,  thermoplastic 
or  thermosetting. 


The  thermoplastic  or  heat-softened  materi¬ 
als,  such  as  methylmethacrylate  or  polystrene 
as  mentioned  previously,  soon  lost  favor  for 
airborne  radomes,  due  to  their  extreme  brit¬ 
tleness  at  temperatures  of  -20°  F  and  loss  of 
shape  and  strength  at  temperatures  of  180°  F. 

Thermosetting  resins,  including  (1)  phenollcs, 
(2)  melamines,  (3)  silicones,  (4)  polyesters, 
and  (5)  epoxies,  have  been  used  for  radomes  at 
various  times.  Each  type  offers  a  particular 
advantage  and  disadvantage  and  requires  a 
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specific  range  of  temperatures  and  pressures, 
as  well  as  catalvsts  to  cure  or  harden  them. 

The  physical  state  of  these  uncured  resins 
will  vary  from  a  low  viscosity  liquid  to  a  solid. 
The  solid  resins  generally  have  a  higher  mo¬ 
lecular  weight  than  the  liquid  resins.  The  solid 
resins  can  be  made  usable  for  radome  fabri¬ 
cation  by  heating  ther.i  above  the  melting  point 
or  dissolving  them  In  a  solvent  or  monomer. 
When  this  reduced  resin  is  used,  the  solvent 
evaporates  and  the  monomer  enters  into  com¬ 
bination  or  copolymerizes  with  the  solid  por¬ 
tion  of  the  resin  upon  hardening  or  curing. 

While  it  would  be  possible  to  cast  small 
radomes  from  these  thermosetting  resins,  they 
would  not  have  satisfactory  mechanical  proper¬ 
ties  If  the  walls  were  thin  enough  to  meet  the 
electrical  requirements.  .In  general  these 
radomes  cast  from  the  thermosetting  resins 
would  be  brittle  and  would  tend  to  break  or 
crack  upon  impact;  however,  they  would  not 
distort  and  lose  shape  upon  exposure  to  180°  F, 
as  would  the  radomes  made  from  thermoplastic 
materials  such  as  the  Polyfiber  previously 
mentioned. 

8-5.  Laminates 

Previous  research  has  established  the  fact 
that  the  physical  properties,  such  as  tensile, 
flexural,  and  Impact  strength,  can  be  Improved 
by  the  addition  of  reinforcing  fibers,  such  as 
yarns  or  woven  cloth,  to  the  resinous  materials. 

The  combinations  of  resins  with  layers  or 
laminae  of  fibers,  yarns,  or  cloth  are  generally 
known  as  plastic  laminates.  The  earliest  com¬ 
mercially  made  examples  were  combinations  of 
paper,  linen,  or  cotton  cloth  Impregnated  with 
phenolic  resins.  It  was  soon  found  that  the  use 
of  these  cellulose  materials  In  a  laminate  was 
undesirable  for  most  radome  applications, 
since  the  moisture  absorption  was  relatively 
high,  which  reaulted  In  unsatisfactory  dielec¬ 
tric  constants  and  loss  tangents.  In  addition, 
the  cotton  or  linen  reinforcements  Impregnated 
with  these  early  phenolic  varnishes  required 
from  1,000  to  10,000  pounds  per  square  Inch 
pressure  for  molding.  This  pressure  made  the 
molding  of  very  large  radomes  impractical. 
Theue  factors  forced  the  design  engineers  to 
Investigate  other  reinforcing  materials. 

8-6.  Glass  Fibers 

About  1943  glass  fibers  became  commercially 
available  In  the  form  of  yarns,  strands,  mats, 
and  woven  fabrics.  Investigators  soon  found 
that,  due  to  the  particular  characteristics  of 


glass,  the  use  of  these  forms  of  fibers  as  a  re¬ 
inforcement  for  resins  Increased  the  tensile, 
compressive,  flexural,  and  impact  strengths  to 
a  greater  extent  than  organic  fibers.  In  addi¬ 
tion,  the  water  absorption  of  this  glass-rein¬ 
forced  laminate  was  usually  less  than  1  per¬ 
cent. 

Studies  indicated  that  the  glass  fibers  rein¬ 
forced  the  resins  in  much  the  same  manner  as 
steel  rods  reinforce  concrete.  The  glass  fila¬ 
ments  could  be  placed  In  several  directions  to 
give  a  relatively  isotropic  material,  or  they 
could  be  placed  In  one  direction  to  give  very 
high  strengths  in  one  direction. 

The  use  of  woven  glass  cloth  laminated  with  a 
thermosetting  resin  has  become  an  established 
material  for  aircraft  radome  construction. 

The  thermosetting  resins  commonly  used  with 
glass  fiber  reinforcement  for  airborne  radomes 
can  be  classified  according  to  the  pressure  re¬ 
quired  for  molding. 

The  use  ol  high  pressures  for  glass-rein¬ 
forced  structural  laminates  has  been  restricted 
by  the  size  of  the  radome  and  the  fact  that  high 
molding  pressure  tends  to  crush  the  woven 
glass  fibers.  The  contact,  or  low  pressure 
molding  reBlns,  such  as  alkyd  styrene  or  alkyd 
trlallylcyanurate  copolymers,  dlallylphthalate 
and  epoxies,  require  from  0  to  15  pounds  per 
square  inch  molding  pressure.  These  resins 
are  100  percent  reactive,  and  polymerize  by  an 
addition  reaction  giving  off  no  water  or  other 
volatile  material.  They  can  be  polymerized  at 
room  temperatures  with  no  heat,  but  are  gen¬ 
erally  cured  at  temperatures  ranging  from  120 
to  225°  F. 

The  low  or  medium  pressure  molding  resins, 
used  with  glass  fiber  reinforcement  such  as  the 
phenollcs,  melamines,  and  silicones,  are  usu¬ 
ally  solids  that  are  made  liquid  by  the  addition 
of  a  solvent  such  as  toluol,  alcohol,  or  water; 
they  produce  the  best  structural  laminates  with 
pressures  ranging  from  15  to  200  pounds  per 
square  Inch.  These  resins  all  yield  volatile 
byproducts  upon  polymerization  and  generally 
require  temperatures  above  300°  F  for  hard¬ 
ening. 

8-7.  Phenolic  Resins 

Phenolic  resins  are  prepared  by  the  reaction 
of  many  different  phenols,  aldehydes,  or  ke¬ 
tones,  and  catalysts.  The  almost  infinite  num¬ 
ber  of  possible  combinations  allows  for  the 
preparation  of  many  different  phenolic  resins 
with  various  properties. 
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In  general,  when  phenol  and  formaldehyde  are 
combined  in  the  presence  of  an  acid  catalyst, 
they  form  resins  which  are  soluble  In  naphtha  or 
aromatic  solvents.  These  resins  are  usually 
used  in  paints  and  varmsftes.  With  an  alkaline 
catalyst,  however,  these  materials  produce  a 
resin  which  becomes  Insoluble  and  infusible 
when  a  two-stage  cnemlcal  reaction  is  carried 
out.  This  type  of  reaction  is  used  in  the  pro¬ 
cess  for  making  laminating  resins. 

In  preparing  phenolic  resins  for  laminating, 
equal  molecular  proportions  of  phenol  and  for¬ 
maldehyde  are  run  Into  the  reaction  vessel  and 
some  alkaline  catalyst  such  as  ammonia  or 
caustic  soda  is  added.  Heat  Is  used  to  start  the 
reaction,  while  an  agitator  stirs  the  mixture. 
The  heat  is  not  needed  after  the  reaction  Is 
started,  since  an  exothermic  reaction  takes 
place.  The  water  which  forms  as  a  result  of 
the  chemical  reaction  Is  removed  with  a  vac¬ 
uum  pump.  When  the  reaction  of  the  chemicals 
has  been  completed,  the  resin  has  the  consist¬ 
ency  of  cold  molasses  or  Is  a  solid.  This  phe¬ 
nolic  resin,  which  may  be  hardened  or  poly¬ 
merized  further  by  heat  ano  pressure,  Is  called 
a  resol.  It  is  also  known  as  a  stage  A  resin, 
which,  when  heated  further,  passes  into  stage 
B,  which  Is  hard  and  Infusible. 

The  reaction  between  the  phenol  and  the  for¬ 
maldehyde  with  either  an  acid  or  a  base  cata¬ 
lyst  is  called  a  condensation  reaction.  This 
condensation  reaction  Is  one  In  which  mole¬ 
cules  join  together,  or  polymerize,  to  produce 
a  large  molecular  structure  and,  as  a  byprod¬ 
uct  of  the  process,  a  small  amount  of  water, 
vapor,  ammonia,  or  other  volatile  substance  Is 
given  off.  Polymerization  Is  a  reaction  In 
which  a  number  of  molecules  unite  to  form  lar¬ 
ger  molecular  structures  of  the  same  compo¬ 
sition, 

Phenolic  resins  for  laminating  are  generally 
used  In  the  form  of  a  varnish  or  a  water  solu¬ 
tion,  The  varnish  is  produced  by  dissolving 
the  highly  viscous  or  solid  resin  in  alcohol. 
This  varnish,  or  the  water  solution  of  resin,  Is 
applied  to  the  glass  fabric  by  coating  machines. 


poses;  to  drive  off  the  residual  solvent  In  the 
liquid  resin,  and  to  advance  the  cure  of  the 
resin.  At  this  stage,  the  resin  still  requires 
further  cure  but  provides  a  non-tacky  surlace 
on  tne  glass  cloth. 

All  of  these  steps  require  continuous  control 
ard  sampling,  since  the  process  Is  very  crit¬ 
ical  and  overheating  will  cause  the  phenolic 
resin  to  set  up  hard.  The  rolls  of  coated  rein¬ 
forcement  are  stored  In  cool  rooms  having  a 
low  moisture  content  until  they  are  ready  for 
laminating. 

In  general,  most  glass  reinforced  phenolic 
laminating  materials  require  200  to  500  pounds 
per  square  Inch  molding  pressure  to  obtain  the 
optimum  properties  of  the  laminated  structure. 
Within  the  last  few  years,  however,  several  so- 
called  low  pressure  phenolic  molding  resins 
have  been  developed,  such  as  Bakeltte  11946 
and  17085  and  Cincinnati  Testing  Laboratory 
CTL-91LD,  which  can  be  molded  with  15  pounds 
per  square  inch  molding  pressure  and  cured  at 
325°  F  for  approximately  1/2  hour. 

The  phenolic  glass  reinforced  materials  used 
In  radome  applications  have  been  generally  re¬ 
stricted  to  these  newer  resins  because  of  the 
low  pressures  required  for  molding  and  the 
ability  of  these  laminates  to  maintain  most  of 
their  strength  for  extended  periods  at  tempera¬ 
tures  up  to  500°  F. 

8-8.  Melamine  Resins 

To  produce  melamine  formaldehyde  resins, 
calcium  carbide  is  heated  In  air,  from  which  it 
absorbs  nltrogon  to  lorn  calcium  cyanamlde, 
The  calcium  cyanamldc  is  then  reacted  to  form 
dlcyandtamlde,  of  which  melamine  is  the 
t rimer.*  Melamine  is  then  reacted  with  for¬ 
maldehyde,  using  an  alkaline  catalyst,  such  as 
sodium  hydroxide,  The  reaction  between  the 
melamine  and  formaldehyde  Is  stopped  while 
the  resin  Is  still  in  the  intermediate  stage  and 
is  still  water  soluble.  The  melamine  formal¬ 
dehyde  resin  is  a  clear  substance,  dissolved  in 
water  or  ethyl  alcohol. 


In  one  method,  the  glass  doth  Is  passed 
through  a  bath  of  phenolic  varnish  and  then  be¬ 
tween  a  pair  of  squeeze  rolls  or  under  a  doctor 
blade,  either  of  which  can  be  adjusted  to  con¬ 
trol  the  percentage  of  resin  remaining  In  the 
glass  cloth.  A  second  method  uses  a  system  of 
roll-coaters  to  control  the  amount  of  resin  im¬ 
pregnated  Into  the  glass  cloth. 


This  water  or  alcohol  solution,  usually  con¬ 
taining  about  50  percent  of  melamine  resin,  Is 
used  to  impregnate  glass  mats,  glass  cloth,  or 
asbestos  In  the  same  type  of  squeeze  rolls  used 
for  preparing  phenolic  laminates.  After  the 


After  Impregnation,  the  cioth  is  passed 
through  a  drying  oven,  which  serves  two  pur¬ 
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♦A  compound  having  the  same  percentage 
composition  as  another  but  three  times  its 
molecular  weight. 


glass  cloth  or  other  melamine  Impregnated 
material  is  run  through  the  squeeze  rolls,  the 
water  or  alcohol  is  driven  off  by  running  the 
material  througn  a  drying  oven.  The  drying 
must  be  carried  out  carefully  or  the  melamine 
resin  will  advance  in  cure  and  be  ton  stiff  for 
laminating. 

Although  nielamine-formaldehyde  has  proved 
extremely  useful  because  of  Its  superior  elec¬ 
trical  properties,  high  heat  resistance,  surface 
hardness,  general  inertness,  and  resistance  to 
organic  solvents  and  acids,  it  has  not  been  ac¬ 
tively  used  for  large  radome  applications  be¬ 
cause  molding  pressures  of  above  250  pounds 
per  square  inch  are  generally  required.  Mel- 
mac  402,  produced  by  American  Cyanamid 
Company,  has  been  successfully  used  in  pro¬ 
ducing  small  ogive-shaped  radonies  In  matcheu 
metal  molds,  using  mats  as  a  filler,  with  as 
little  as  100  pounds  per  square  inch  molding 
pressui  e, 

The  greatest  use  of  these  resins  In  thj  last 
five  years  has  been  in  the  combination  of  a 
melamine  laminating  resin  wltli  glass  fiber  for 
panel  boards  and  other  electrical  Items.  This 
glass-mat,  melamine  combination  provides 
very  high  impact  strength  as  well  as  fire,  .heat, 
and  arc  resistance. 

Many  other  potential  combinations  of  fillers 
and  melamine  resins  are  under  development 
for  specialized  applications  In  which  the  basic 
properties  of  heat  resistance,  good  electrical 
characteristics,  low  water  absorption  and  gen¬ 
eral  inertness  are  of  importance. 

8-9.  Silicones 

Silicone  is  a  general  term  used  to  describe  a 
group  of  Inorganic-organic  polymers  which 
may  be  liquid,  rigid  resin  or  rubber-like  in  na¬ 
ture.  They  are  prepared  from  silica,  Silica 
sand  is  converted  to  silicon  tetrachloride  by 
burning  with  coke  and  chlorine.  By  a  direct 
catalytic  process,  one,  two  or  three  of  the 
chlorine  atoms  of  the  silicon  are  replaced  with 
organic  radicals  derived  from  petroleum.  In 
this  method  of  Joining  the  organic  and  ..lorganie 
materials,  an  Intermediate  called  organochlor- 
sllane  Is  produced.  The  remaining  steps  Involve 
theseparatlon  of  the  desired  organochlorsllanes 
followed  by  hydrolysis  to  rewovethe  chlorine,  A 
molecule  having  an  Inorganic  nucluus,  with  or¬ 
ganic  radicals  taking  up  the  remaining  valences 
on  the  silicon  atom,  is  produced.  This  can  be 
polymerized  to  form  a  resin  or  elastomer. 

Depending  upon  the  type  of  organic  radical 
used,  its  arrangement,  the  number  of  organic 


radicals  introduced,  and  the  processing,  the 
final  product  may  be  a  resin,  nondrying  oil,  or 

a  nihhAr«l lira  matot'ia) 

The  silicone  resins  have  good  resistance  to 
temperatures  as  high  as  600°  F,  a  high  degree 
of  resistance  to  moisture,  inertness  to  many 
chemicals,  and  good  electrical  qualities. 

The  early  silicone  resbis  developed  were 
thermoplastic,  brittle  materials  which  had  to 
be  dissolved  In  toluol  or  xyol  to  form  an  im¬ 
pregnating  varnish.  The  early  work  on  lami¬ 
nating  resins  was  directed  toward  making  ma¬ 
terials  that  could  be  molded  at;  low  pressure. 

The  development  of  low-pressure  laminates 
using  glass  fabrics  bonded  with  polymerizable 
silicone  resins  was  Investigated  Intensively  by 
Dow  Corning  Corporation.  This  research  pro¬ 
gram  resulted  In  silicone  resins  that  could  be 
used  with  low  pressure  laminating  techniques 
for  the  production  of  molded  parts  having 
curved  surfaces  or  large  areas.  Equally  im¬ 
portant  were  the  properties  of  strength  at  ele¬ 
vated  temperatures,  toughness,  durability, 
water  resistance,  and  electrical  insulating 
properties.  Because  of  the  excellent  heat  sta¬ 
bility  of  silicone  polymers,  It  was  Inevitable 
that  the  silicone  resins  be  Investigated  for  the 
preparation  of  heat  resistant  laminates  by  low- 
pressure  techniques.  Research  sponsored  by 
Wright  Air  Development  Center  found  that  Dow 
Corning  2106  silicone  resin  was  suited  for  the 
production  of  laminates  at  pressures  of  30 
pounds  per  square  inch  or  less,  and  in  general 
silicone  resins  may  be  considered  satisfactory 
for  use  in  low-pressure  lamination,  Low- 
pressure,  slllcone-glass  laminates  can  be  pre¬ 
pared  from  all  glass  fabrics  or  mats. 

Studies  have  been  made  on  the  effect  of  clean¬ 
ing  or  sizing  glass  fabric  to  prepare  It  for 
coating  with  silicone  resin  solution,  Although 
much  remains  to  be  learned  about  the  methods 
uf  cleaning  and  sizing  the  glass  cloth  for  sili¬ 
cone  resins,  the  results  at  the  presort  time 
show  that  heat  cleaning  is  the  most  satisfactory 
method,  Some  data  indicate  that  there  Is  no 
advantage  in  using  sizings  over  the  heat- 
cleaned  cloth. 

The  properties  of  silicone  resins  that  make 
them  rvell  adapted  to  low-pressure  lamination 
are  the  high  initial  viscosity  at  lamlnat'ng 
temperature  and  a  gel  time  that  can  be  con¬ 
trolled  by  the  use  of  catalyst,  Amine  catalysts  and 
others  have  been  especially  developed  for  use 
with  silicone  heat-setting  resins.  The  amount 
of  catalyst  employed  will  depend  upon  the  lami¬ 
nating  pressure.  For  low-pressure  lamination, 
the  amount  of  catalyst  is  0,5  tc  ;  0  percent  of 
triethanolamine. 
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Low-pressure  laminating  generally  requires 
the  use  of  high  flow  resins.  Because  the  bub¬ 
bles  and  voids  in  the  laminate  must  be  removed 
by  the  flow  of  the  resin  rather  than  by  pres¬ 
sure,  it  is  necessary  to  use  an  excess  of  resin 
over  that  normally  used  In  low-pressure  mold¬ 
ing.  For  structural  laminates,  however,  it  is 
also  desirable  that  the  resin  flow  be  held  to  a 
minimum,  Laminates  with  a  silicone  resin 
content  of  approximately  30  percent  give  the 
best  properties  at  high  temperatures.  A  40 
percent  pickup  of  resin  has  been  found  most 
satisfactory  on  the  Impregnated  cloth,  so  that  a 
squeeze-out  may  be  obtained. 

Heat-cleaned  glass  fabric  is  Impregnated  with 
a  catalyzed  solution  of  silicone  resin  in  toluol. 
After  the  fabric  Is  impregnated  It  may  be  al¬ 
lowed  to  air  dry  for  1/2  hour.  The  cloth  may 
be  Immediately  precured  for  5  minutes  at  230° 
F,  but  the  air-dry  reduces  the  tackiness  con¬ 
siderably.  The  laminating  stock  Is  soft  and 
tacky  when  removed  from  the  oven  after  the 
toluol  Is  driven  off;  it  may  be  shaped  and 
straightened  at  this  point.  On  cooling,  the 
glass  impregnated  with  silicone  Is  stiff.  Ad¬ 
vantage  may  be  taken  of  the  flexibility  of  the 
stock  when  warm  to  preform  and  stretch  It  to 
various  shapes  before  molding.  This  can  be 
done  by  warming  the  stock  to  approximately 
175°  F  and  stretching  It  over  a  cold  mold. 

When  proper  flow  and  gel  time  are  obtained, 
silicone  laminating  stocks  may  be  laminated  In 
a  manner  similar  to  the  other  conventional  low- 
pressure  resins.  It  is  best  to  allow  the  lamin¬ 
ating  buildup  to  heat  up  to  the  laminating  tem¬ 
perature  of  approximately  350°  F  under  contact 
pressure  before  closing  the  mold  and  applying 
pressure.  The  pressure  on  the  mold  should 
then  be  Increased  gradually  until  30  pounds  per 
square  Inch  Is  reached. 

For  lamination  in  a  positive  mold  or  In  a  bag 
mold  it  Is  satisfactory  to  place  the  layup  in  the 
mold  and  to  close  the  mold  Immediately,  main¬ 
taining  the  desired  pressure  during  the  curing 
cycle. 

The  time  of  cure  Is  dependent  upon  the  thick¬ 
ness  of  the  laminate  and  the  silicone  resin. 
For  Dow  Corning  resin  2106,  a  15  minute  cure 
Is  recommended  for  l/8-lnch  laminates;  a  30 
minute  cure  Is  recommended  for  1/4-  or  1/2- 
tnch  laminates.  Laminates  thicker  than  1/2 
Inch,  up  to  2  Inches,  should  be  cured  for  1 
hour.  Laminates  made  In  a  bag,  vacuum,  or 
metal  mold  should  be  cured  for  1/2  hour.  All 
laminates  should  be  cooled  to  below  212°  F  be¬ 
fore  removal  of  pressure. 


To  obtain  the  best  high-temperature  proper¬ 
ties,  it  is  necessary  to  give  the  silicone  lami¬ 
nates  an  additional  cure  In  an  oven  after  they 
are  removed  from  the  mold.  The  following 
schedule  is  recommended  for  Dow  2104  resin: 
16  hours  at  194°  F,  l^hour  at  257°  F,  l  hour  at 
302°  F,  1  hour  at  347c  F,  1  hour  at  419“  » ,  and 
fro:;.  80  to  150  hours  at  482°  F,  At  no  time 
during  the  after  cure  should  laminates  be  al¬ 
lowed  to  cool  off.  No  difficulty  with  distortion 
of  complex-shaped  radomes  has  heen  noted 
when  using  this  schedule,  The  physical  prop¬ 
erties  of  silicone  laminates  are  particularly 
satisfactory  after  long  aging  periods  at  500°  F. 
rie.  'Is  have  indicated  that  the  limit  of  endur¬ 
ance  of  DC-2106  resin  laminates  exposed  to 
high  temperatures  is  approximately  700°  F. 

A  high-impact  silicone  molding  compound 
has  been  prepared  containing  chopped  glass 
fibers  and  inert  filler.  It  has  a  bulk  factor  of 
10  as  shipped,  and  after  preforming  at  500  to 
1,000  pounds  per  square  Inch,  Its  bulk  factor  is 
3.  Pressure  of  500  pounds  per  square  inch  Is 
required  for  molding;  however,  small  radomes 
molded  in  matched  metal  molds  have  shown  as¬ 
tounding  strength  and  resistance  to  heat  degra¬ 
dation  at  temperatures  as  high  as  700°  F  for  1 
hour. 

Molding  temperatures  are  350  to  400°  F  and 
time  Is  200  minutes  for  simple  pieces.  Small 
moldings  can  be  removed  from  the  mold  hot. 
An  after-bake  of  8  to  16  hours  at  196°  F  and  2 
hours  each  at  260,  300,  350,  and  400°  F  Is  nec¬ 
essary  to  develop  optimum  properties.  In  a 
mechanically  controlled  oven  the  after-bake 
can  be  accomplished  by  starting  at  195°  F  and 
increasing  temperature  15°  per  hour  until  400° 
F  is  reached,  followed  by  2  hourfc  at  400°  F. 

8-10,  Polyester  Resins 

The  alkyd  styrene  copolymers,  or  as  the.  aro 
generally  called  "polyesters,”  are  quite  easily 
polymerized.  Their  ability  to  form  infusible, 
Insoluble,  thermosetting  resins  by  addition 
rather  than  condensation  makes  them  especi¬ 
ally  interesting  for  low-pressure  molding.  In 
contrast  to  the  phenolic  resins,  no  water  or 
volatile  materials  are  formed  which  have  to  be 
eliminated  by  breathing  and  the  use  of  high' 
molding  pressure.  This  characteristic  hrs 
been  the  salient  feature  In  promoting  the  use  of 
polyester  resins  with  glass  reinforcement  for 
large  airborne  radomes. 

The  reaction  product  of  polybasic  acids  (those 
adds  with  more  than  one  functional  carboxyl 
group)  and  polyhedrlc  alcohols  (alcohols  with 
mere  than  one  hydroxyl  group)  are  chemically 
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called  esters.  Those  that  form  resinous  bodies 
are  generally  designated  as  alkyd  resins.  When 
a  dlhydric  alcohol  and  dibasic  acid  are  ester- 
fled,  a  linear,  long-chained  molecule  Is  ob¬ 
tained  with  residua!  carboxyl  ui  hydroxyl 
groups  to  allow  further  crosslinking.  The  re¬ 
action  of  adipic  acid  and  ethylene  glycol  pro¬ 
duces  this  type  of  resin,  These  unsalurateu 
alkyd  resins  will  not  crosslink  with  a  mon¬ 
omer,  such  as  styrene,  and  consequently  are 
usually  thermoplastic,  or  can  be  easily  soft¬ 
ened  by  heat.  If  these  resins  are  exposed  to 
low  temperature,  they  tend  to  remain  relatively 
flexible.  These  types  of  unsaturated  resins  are 
not  generally  used  for  laminating. 

When  alcohols  having  more  than  two  hydroxyl 
groups  are  reacted  with  dibasic  acids  such  as 
adipic,  or  an  unsaturated  dibasic  acid,  a  ther¬ 
mosetting  resin  is  formed  which  is  hard  and 
infusible, 

Resins  from  unsaturated  acids  that  have  re¬ 
active  double  bonds  are  called  unsaturated 
alkyds,  which  have  the  facility  of  crosslinking 
with  monomers  such  as  styrene,  vinyl  acetate, 
methyl  methacrylate,  or  triallylcyanurate. 

When  glycols  and  unsaturated  dibasic  acids, 
such  as  maleic  or  fumaric  acid,  are  reacted, 
an  unsaturnted  alkyd  is  formed  which  is  usu¬ 
ally  a  high  viscosity  liquid.  For  laminating 
purposes,  a  monomer  such  as  styrene  or  trtal- 
lylcyanurate  is  added  to  the  alkyd,  When  this 
resin  and  monomer  combination  or  copolymer 
Is  cured  by  the  addition  of  a  peroxide  catalyst, 
the  linear  unsalurated  polyester  chains  are 
crossllnked  by  the  reactive  monomer  forming  a 
solid,  Infusible  material.  These  resins  can  be 
polymerized  at  temperatures  as  low  as  80°  F 
in  3  to  4  hours, 

Another  group  of  unsaturated  esters  having 
low  molecular  weights  are  diallyl-phthalate, 
and  dlallyl-dlglycol  carbonate.  These  resins 
are  very  thin,  water-like  liquids  which  can  be 
polymerized  alone  or  copolymerized  with  more 
viscous  alkyd  resins. 

The  ally)  resins  are  based  upon  the  polymers 
and  copolymers  formed  by  either  allyl  alcohol 
or  its  derivatives.  To  form  the  simple  esters 
of  allyl  alcohol,  It  is  combined  with  the  acid  in 
the  presence  of  dehydrating  or  acldlc-type  cat¬ 
alysts  such  as  sulfuric  or  phosphoric  acid. 
Generally,  the  water  formed  is  removed  by 
simple  or  azeotropic  distillation. 

Diailyl  phthalate  may  be  produced  from 
phthallc  anhydride  and  allyl  alcohol  using  p- 
toluenesulfonic  acid  as  catalyst  or  by  ester  ex¬ 


change  with  dimethyl  phthalate  in  the  presence 
of  sodium. 

The  polymerisation  of  a  typical  allyl  ester 
diailyl  phthalate,  gives  a  linear  or  slightly 
branched  unsaturated  chain.  After  about  25 
percent  monomer  conversion,  a  gel  formation 
occurs  resulting  from  the  formation  of  a 
crossllnked  polymer.  Mixtures  of  unsaturated 
esters,  such  as  diethylenc  maleate  and  dlallyl 
phthalate,  result  In  copolymers.  As  the  ester 
Is  heated  In  the  presence  of  a  peroxide,  the 
viscosity  Increases  gradually  until  the  gel  point 
Is  reached,  Initially  the  gel  Is  highly  elastic, 
but  as  the  heating  continues  it  becomes  harder 
and  tougher,  finally  forming  a  thermoset  resin. 
Using  dlally  phthalate  with  2  percent  of  benzoyl 
peroxide,  conversion  to  the  prepolymer  occurs 
in  2  hours  at  180°  F, 

Diailyl  esters  polymerize  readily  with  perox¬ 
ide  catalysts,  but  polymerize  very  slowly  upon 
exposure  to  heat  or  light.  This  is  advantageous 
since  little  or  no  Inhibitor  Is  required  for  stor¬ 
age.  The  catalyst  becomes  In  integral  part  of 
the  polymer  chain. 

Two  factors  have  influenced  the  use  of  allyl 
resin.  One  Is  the  use  of  a  two-stage  polymeri¬ 
zation.  The  use  of  prepolymer  reduces  cure 
time  and  flow  during  the  curing  of  a  glass-re¬ 
inforced  laminate,  The  other  factor  is  this: 
by  undergoing  additional  polymerization,  the 
problem  of  water  reaction,  ammonia  vapors,  or 
generation  of  other  byproducts  is  eliminated  in 
the  formation  of  glass  laminates.  This  permits 
the  allyls  to  be  used  with  very  low  molding  or 
laminating  pressures.  It  also  leads  to  radomes 
with  Improved  electrical  properties.  Some 
resins,  such  as  phenolics,  form  water  during 
their  cure,  and  this  complicates  the  proces¬ 
sing.  The  absorption  of  some  of  this  water  in 
the  laminate  also  tends  to  increase  the  elec¬ 
trical  losses  and  dielectric  constant,  The 
major  problem  left  to  the  radome  manufactur¬ 
ers  using  pregelled  allyl  resins  for  thermoset 
laminates  is  that  of  eliminating  the  air  bubbles. 

Most  of  the  allyl  resins  will  gel  at  low  tem¬ 
peratures,  but  require  a  minimum  temperature 
of  200°  F  for  complete  polymerization. 

Although  the  properties  of  the  finished  lami¬ 
nate  depend  on  the  particular  allyl  re  Un  used, 
all  the  allyl  resins  or  copolymers  may  be 
handled  with  basically  similar  techniques. 

The  first  commercially  produced  unsaturated 
polyester  resins  appeared  In  this  country  about 
1942,  and  were  originally  used,  In  lieu  of  acry¬ 
lic  plastics,  for  casting  bomb-bay  noses.  The 
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firm  to  be  m  this  work,  and  for  reinforced 
laminates,  was  Allymer  CR39,  produced  by 
Pittsburgh  Plate  filass  Company.  This  resin  Is 
said  to  be  a  condensation  product  of  allyl  acid 
carbonate  (CH2  :  CH  •  CHj  1  0:COOH)  and  a  gly¬ 
col.  However,  these  early  allyl  resins  required 
curing  temperatures  above  225°.  F  and  curing 
times  from  72  to  98  hours,  which  caused  them 
to  lose  favor,  compared  with  the  more  rapid 
and  lower  temperature  cures  of  the  styrene 
alkyd  copolymers.  This  difficulty,  however, 
has  been  overcome  to  a  great  extent,  and  the 
allyl  resins  have  again  gained  favor  for  use  In 
preimpregnated  glass  cloth. 

The  potential  use  of  these  polyesters  as  low- 
pressure  laminating  resins  wtth  glass  fiber  re¬ 
inforcement  has  been  under  study  for  the  last 
12  years,  and  they  have  become  recognized  as 
the  most  appropriate  materials  for  radome 
structures,  due  to  the  excellent  strength  to 
weight  ratio,  as  well  as  chemical  and  moisture 
resistance. 

8-11.  Epoxy  Resins 

The  first  epoxy  resins  were  produced  com¬ 
mercially  approximately  a  decade  ago.  Within 
the  last  3  years  they  have  been  used  on  a  large 
scale  with  glass  cloth  for  radome  fabrication. 
Chemically,  the  principal  epoxy  resins  used 
for  laminating  are  the  condensation  products  of 
eplchlorohydrln  and  blsphenol.  The  epoxy  res¬ 
ins  are  polymerized  by  the  use  of  metals,  alka¬ 
lies,  organic  bases,  and  acid  anhydrides.  The 
hardeners  currently  In  favor  tor  radome  fabri¬ 
cation  are  amines,  such  as  triethylene  tetra- 
mlne  or  metaphenylene  diamine.  An  extensive 
research  program  has  been  conducted  on  high- 
strength  epoxy  laminates  by  Shell  Chemical 
Company  for  Wright  Air  Development  Center, 

In  this  work  It  was  found  the  use  of  CL  (meta¬ 
phenylene  diamine)  curing  agent  wtth  Epon  828 
results  In  considerably  better  heat  resistance 
and  strength  properties  than  is  generally  ob¬ 
tained  with  other  amines,  or  anhydrides. 

One  of  the  disadvantages  In  the  use  of  epoxy 
resins  is  the  fact  that  most  of  the  hardeners 
used  are  amines  which  are  Irritating  to  the 
eyes,  and,  being  strongly  basic,  ran  produce 
chemical  burns  where  they  come  In  direct  con¬ 
tact  with  the  skin.  Prolonged  exposure  to  the 
epoxy  resins  and  hardeners  may  cause  derma¬ 
titis  In  hypersensitive  Individuals. 

An  approach  to  the  problem  of  dermatitis  or 
toxicity  is  the  use  of  a  polyamide  resin  which 
is  not  considered  toxic.  The  amide  groups  re¬ 
act  with  the  epoxides  to  give  a  three-dimen¬ 


sional  or  crosslink ed  polymer  that  is  tough  and 
«tmne.  The  use  of  35  to  50  parts  of  polyamide, 
such  as  Versamioe  1  WlUl  be  to  50  parts  of  an 
epoxy  resin,  results  In  a  satisfactory  laminat¬ 
ing  resin  that  will  harden  at  room  temperature 
In  3  to  4  hours  or  can  be  cured  In  15  mtnuies  at 
temperatures  of  150-200°  F. 

The  liquid  epoxy  resins  —  for  example,  Epon 
828  -  used  for  laminating  with  glass  fiber  re¬ 
inforcement  such  as  cloth  or  mat,  require  12  to 
15  percent  of  CL  hardener  as  compared  to  the 
1.0  percent  of  peroxide  catalyst  used  wtth  the 
polyesters. 

Glass  cloth  epoxy  laminates  have  very  high 
Interlaminar  bond  strengths  which  give  very 
high  shear  and  compressive  strengths  as  com¬ 
pared  to  polyester  laminates.  Compressive 
strengths  as  high  as  60,000  pounds  per  square 
Inch  have  been  obtained. 

Glass  cloth  laminates  can  now  be  prepared 
that  have  ultimate  flexural  strengths  as  high  as 
75,000  pounds  per  square  inch,  dropping  to 
57,000  pounds  per  square  Inch  at  300°  F.  At 
temperatures  of  350°  F,  epoxy  laminates  lose 
most  of  their  strength.  After  boiling  in  ace¬ 
tone,  the  flexural  strength  may  be  as  high  as 
62,000  pounds  per  square  Inch,  and  after  3  hours 
In  boiling  water  maybe  as  high  as  72, 000  pounds 
per  square  Inch.  They  have  retained  their  phy¬ 
sical  characteristics  almost  Intact  after  90  days 
immersion  In  30  percent  sulphuric  acid,  60  per¬ 
cent  hydrochloric  acid,  glacial  acetic  acid,  50 
percent  sodium  hydroxide,  ethylene  dichlorlde, 
Jet  fuel,  aromatic  gasoline,  or  any  of  a  number 
of  other  chemicals. 

Another  program  In  the  development  of  epoxy 
resins  Is  Scotchply,  a  product  of  Minnesota 
Mining  and  Manufacturing  Company.  This  ma¬ 
terial  consists  of  glass  filaments  impregnated 
with  a  stable  epoxy  resin.  The  plastic  Is  rein¬ 
forced  with  linearly  alined  glass  filaments. 
The  Individual  sheets  of  filaments  are  plied  to¬ 
gether  within  the  laminate  In  an  arrangement  to 
give  either  an  isotropic  or  directional  strength 
pattern  to  the  structure.  In  each  sheet,  the 
glass  filaments  coated  with  the  resin  and  cur¬ 
ing  agent  are  uniformly  dispersed  and  the  glass 
filaments  are  alined  straight  and  parallel, 
without  crimp,  slack,  or  twist.  Weaving  of  the 
glass  filament  reinforcement  is  thus  eliminated 
and  a  more  efficient  structural  laminate  Is 
produced  that  can  be  more  easily  formed  to  the 
radome  shape,  since  the  glass  filaments  will 
conform  to  the  complex  contours.  This  type  of 
reinforcement,  Impregnated  with  epoxy  resin, 
Is  approximately  60  percent  glass  and  40  per¬ 
cent  plastic  resin. 
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The  low  density  and  high  strength  of  the 
epoxy-coated  filament  results  in  a  product  with 
a  high  strength- weight  ratio.  When  used  in 
fabricating  radomes,  Scotchply  offers  a  method 
of  obtaining  strength  In  any  desired  area  be- 
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8-12.  Catalysts  for  Polyesters 

Most  styrene  alkyd  polyester  resins  will 
polymerize  by  setting  at  room  temperature  or 
upon  exposure  to  sunlight.  It  is  generally  nec¬ 
essary  to  add  an  inhibitor,  such  as  hydro- 
quinone  or  tertiary  butyl  catechol,  to  prolong 
the  storage  life.  The  use  of  an  organic  perox¬ 
ide  tends  to  reduce  the  effect  of  the  inhibitor, 
as  well  as  to  Increase  the  rate  of  polymeriza¬ 
tion  of  polyesters. 

Benzoyl  peroxide,,  obtained  commercially  as 
small  granules  or  as  a  paste,  is  used  as  a  gen¬ 
eral  purpose  catalyst  for  promoting  the  poly¬ 
merization  of  unsaturated  polyester  resins.  As 
a  paste  with  tricresyl  phosphate  or  as  a  sus¬ 
pension  in  styrene  monomer,  it  is  readily  sol¬ 
uble  in  polyester  resins.  In  general  it  is  the 
best  and  most  widely  used  organic  peroxide, 
particularly  for  laminating  applications.  With 
most  polyesters,  i  percent  of  benzoyl  peroxide 
is  usually  used,  which  causes  the  polyester  to 
cure  at  temperatures  as  low  as  180°  F  In  5  to 
10  minutes.  If  left  at  room  temperature  after 
catalyzing  -with  1  percent  benzoyl  peroxide,  the 
poylester  will  gel  In  about  8  hours,  but  the 
polyester  will  not  become  completely  cured. 

In  spite  of  its  general  usefulness,  benzoyl 
peroxide  does  not  fulfill  the  requirements  of  a 
catalyst  for  curing  polyester  resins  at  room 
temperature.  A  considerable  amount  of  work 
haB  been  conducted  on  room  temperature  cures 
of  polyester  resins  when  used  .  with  large 
radomes.  Benzoyl  peroxide  alone  is  not  satis¬ 
factory  for  this  application,  but  accelerators 
are  available  which,  when  used  with  benzoyl  per¬ 
oxide  make  room  temperature  cures  possible. 
These  accelerators  can  be  obtained  commer¬ 
cially  under  various  trade  names,  but  in  gen¬ 
eral  they  are  based  upon  such  chemicals  as 
triethanolamine  or  dimethyl  aniline.  Approxi¬ 
mately  0.01  percent  of  dimethyl  aniline  with  0.5 
percent  of  benzoyl  perioxde  will  result  in  hard¬ 
ening  of  most  polyesters  In  4  hours  at  room 
temperature.  The  pot  life  of  polyester  resins 
with  this  accelerator  and  catalyst  system,  how¬ 
ever,  is  usually  about  30  minutes. 

One  of  the  peroxides  that  is  used  alone  In  the 
case  of  room  temperature  hardening  polyesters 
Is  of  0.5  to  1.0  percent  of  80  percent  methyl- 


ethyl  ketone  peroxide  in  >tnr.i>U  phit.il.itt 
The  pot  life  of  polyester  resins  with  tins  pei  - 
rentage  of  catalyst  is  approxim.it>  1\  1  2  Inmi. 
The  effeet  of  using  catalysts  itliei  than 
peroxide  depends  on  the  activuv  temperature  ol 
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ethyl  ketone  peroxide,  methyl  is  obutyi  ketone 
peroxide,  or  hydroxy-heptyl  peroxide,  become 
active  at  relatively  low  temperatures,  lliese 
may  be  used  for  room  temperature  laminating. 
For  efficient  and  complete  curing  at  room 
temperature,  the  addition  ol  a  few  tenths  of  1 
percent  of  a  promotor  is  frequently  required  in 
addition  to  the  catalyst.  A  promotor  usually 
makes  the  catalyst  more  active,  and  Is  usually 
a  compound  such  as  cobalt  or  manganese  naph- 
thenate.  Promotors  also  increase  the  rate  of 
hardening  when  higher  temperature  reacting 
catalysts  such  as  benzoyl  peroxide  are  used. 

A  number  of  organic  peroxides  covering  a 
wide  range  of  catalytic  properties  can  be  ob¬ 
tained  commercially  for  use  with  polyester 
resinB.  In  general  the  percentage  of  catalyst 
used  ranges  from  0.5  to  2.0  weight  percent 
based  upon  the  resin.  If  no  satisfactory  resin- 
catalyst  combination  can  be  found,  there  is  a 
selection  of  various  other  peroxides  available 
for  use  with  promotors.  In  laminating  radomes, 
the  size  and  shape  of  the  radome  limits  the 
amount  of  heat  which  can  be  tolerated,  due  to 
the  "exotherm"  developed.  As  a  result,  blends 
of  catalysts  are  usually  used  to  control  this  ex¬ 
otherm.  A  mixture  composed  of  two  organic 
peroxides,  benzoyl  and  methyl-ethyl  ketone 
peroxide  has  been  found  advantageous  in  cases 
where  a  large  part  has  to  be  cured  with  little 
external  heat. 

Some  work  usually  has  to  be  carried  out  on 
the  development  of  the  proper  resin-catalyst 
combination  to  develop  a  curing  cycle  of  a 
specified  time  and  temperature  for  each  par¬ 
ticular  part  which  Is  to  be  fabricated. 

The  selection  of  a  catalyst  for  each  particular 
condition  dependB  upon  the  following  factors: 

(1)  the  reactivity  of  the  polyester  resin  used, 

(2)  the  curing  temperature  that  can  be  em¬ 
ployed,  and  (3)  the  approximate  gelation  time  of 
the  particular  glass  reinforced  laminate  layup. 
If  a  large  radome  is  being  fabricated,  this  gel¬ 
ation  period  might  be  of  4  to  6  hours  duration 
in  order  to  allow  for  layup  of  the  laminated 
radome.  There  ts  no  catalyst  formulation 
available  at  presont  which  will  satisfy  all  re¬ 
quirements  of  curing  temperature  or  gelation 
time  for  all  general  applications.  It  :  i  possible 
however,  to  obtain  a  satisfactory  combination 
by  utilizing  available  catalysts. 
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;  lie  'vk  i  main  sources  ol  organic  peroxides 
are  l  e-idol  Corporation,  Buffalo,  New  York 
and  Cadet  Chemical  Division  of  McKesson  and 
Ri'htilns,  New  York  City. 
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The  use  of  reinforcement  is  not  new  in  the 
plastics  field.  Since  about  1910,  reinforcement 
of  high-pressure  phenolic  resins  has  been  a 
rommon  practice. 

In  general,  cellulose  materials  in  the  form  of 
paper,  linen,  or  cotton  cloth,  as  well  as  asbes¬ 
tos  In  the  form  of  chopped  fiber,  felts,  or 
papers,  were  used  to  obtain  increased  physical 
properties  such  as  impact  ami  flexural 
strengths.  These  types  of  reinforcement,  par¬ 
ticularly  those  containing  cotton  fibers,  tended 
to  have  relatively  high  moisture  absorption. 

In  the  late  1930’s,  glass  fibers  and  woven 
glass  cloth  became  available,  but  attempts  to 
use  them  as  a  woven  reinforcement  for  high- 
pressure  phenolic  resins  were  generally  un¬ 
satisfactory,  due  to  the  fact  that  the  glass  fi¬ 
bers  became  crushed  during  molding,  so  that 
the  outstanding  physical  properties  of  the  glass 
fibers  were  ruined. 

When  the  polyester  resins  that  could  be  mold¬ 
ed  with  little  pressure  became  available  late 
In  1942,  the  use  of  glasB  fibers  In  the  form  of 
mat  and  woven  glass  cloth  resulted  in  a  new 
material  with  excellent  strengths  and  light 


weight.  Today,  howe/er,  due  to  intensive  re¬ 
search  in  the  development  of  low-pressure 
molding  phenolic  resins,  they  can  be  used  with 
glass  cloth  and  molded  at  pressures  as  low  as 
IS  pounds  per  square  Inch.  Table  B-I  com¬ 
pares  the  properties  oi  a  phenolic  reotn  rein¬ 
forced  with  woven  glass  and  with  woven  cotton. 

Other  types  oi  synthetic  iibers,  such  as  nylon, 
Orion,  Fortisan,  rayon,  Dacron,  and  Dynel, 
have  been  intensively  studied  for  use  as  a  rein¬ 
forcement  for  polyester  ar>d  epoxy  resins,  but 
none  produces  laminates  that  are  as  satisfac¬ 
tory  In  physical  properties  as  are  glass-rein- 
forced  laminates. 

Fortisan  rayon  Is  the  only  fiber  that  produces 
laminates  approaching  the  strength  of  glass- 
reinforced  plastics.  However,  the  modulus  of 
elasticity  of  Fortisan  rayon  laminates  la  gen¬ 
erally  lower  than  glass,  and  it  haB  not  gained 
favor  as  a  competitive  reinforcement. 

Nylon,  Dacron,  and  Dynel  are  soinetlmes  used 
for  surfacing  glass-reinforced  laminates  for 
special  applications  to  improve  abrasive, 
chemical,  or  electrical  properties. 

The  glass  fibers  used  in  reinforcement  for 
plastic  laminates  are  produced  from  lime-alu- 
mlna-boroallicate  glass.  These  fibers  are 
made  from  small  glass  marbles  in  a  platinum 
furnace  using  platinum  spinerets.  The  fibers 
are  in  the  form  of  continuous  fllamentB  which 
are  collected  Into  bundles  or  strands  which  are 
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Reinforcement 

Cotton  35% 

1  '  -  . 

Glass  Cloth  38% 

Resin 

Phenolic  65% 

Phenolic  62% 

Flexural  Strength  (psi) 

18,000 

48,500 

1/8-in.  panel,  flatwise 

1/8-ln.  panel,  edgewise 

17,500 

62,300 

Tensile  Strength  (psi) 

9,000 

40,000 

Impact  Strength  (ft- lb/ in.  notch) 

4.0 

29.0 

Flatwise 

Edgewise 

2.5 

12.5 

Bonding  Strength  (psi) 

800 

900 

1.25 

0.45 

1/8-in.  panel 

Insulation  Resistance,  Wet  (megohms) 

(megohms) 

2.5 

60 

ASTM  Arc  Resistance,  sec. 

10 

190 
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then  thrown  into  yarns  tor  weaving.  The  mats 
and  ro\  lngs  are  made  from  strands  and  can  be 
used  for  reinforcement  after  the  sizing  has 
been  removed. 


Fibers  of  four  different  diameters  are  com¬ 
mercially  available,  as  follows: 


Strand 

Count 

No.  of  Filaments 
Per  Strand 

Filament  Diameter 
(Inches) 

900 

102 

0.00021 

450 

204 

0.00021 

225 

204 

0.00028 

150 

204 

0.00034 

All  these  glass  fiber  strands  consist  of  bun¬ 
dles  of  parallel  filaments.  Such  groups  of  fila¬ 
ments  play  an  important  part  in  the  reinforcing 
of  the  laminate  because  they  enable  stresses  to 
be  passed  quickly  and  easily  from  filament  to 
filament  through  the  low-atrenght  laminating 
resin. 

Generally,  the  coarser  the  fiber,  the  cheaper 
It  Is  to  produce.  Woven  fabric  is  produced  tn 
150-,  225-,  and  45r  count  yarns.  Fabrics  with 
150-count  yarns  are  not  often  used  in  struc¬ 
tural  laminates.  It  has  not  been  shown  that  the 
use  of  this  150-count  yarn  represents  the  upper 
limit  to  the  diameter  of  fiber  in  fabrics  which 
are  used  for  structural  applications. 

A  great  number  of  woven  glass  fabrics  are 
made  commercially  for  plastics  reinforcement. 
In  general,  they  vary  In  thickness,  weight,  and 
type  of  weave.  All  woven  fabrics  tliat  are  used 
In  radome  construction  meet  the  requirements 
of  MIL-P-8013.3  Characteristics  of  these  fab¬ 
rics  are  given  in  Table  8-n. 


H-14.  Sizing  fur  Glaus  Fabrics 

A  considerable  amount  of  research  and  de¬ 
velopment  has  been  (inducted  not  only  in  the 
formulation  of  resins,  but  also  on  the  use  of 
finishes  fer  ihc  glass  rsiiuOi icuteui  uoeu  in  the 
form  of  woven  fabrics,  yarn,  and  mat. 

In  general,  the  fabrics  are  woven  from  con¬ 
tinuous  filaments  or  staple  fibers  that  are 
sized.  This  size,  usually  consisting  of  a  mix¬ 
ture  of  starch  and  vegetable  oil,  Is  necessary 
to  hold  the  fibers  together  and  to  lubricate  the 
yarn  and  prevent  abrasion  during  weaving. 

In  the  early  days  of  preparing  glass-rein¬ 
forced  laminate  structures,  It  was  found  that 
the  size  prevented  full  utilization  of  the 
strength  of  the  glass  fibers.  The  resin  did  not  bond 
well  to  the  glass  because  of  the  oily  size;  con¬ 
sequently,  low  flexural  strengths  were  obtained. 
Early  In  1043,  woven  glass  fabric  was  used  in 
which  this  size  had  been  removed  by  exposing 
the  cloth  to  temperatures  of  approximately 
600°  F.  This  heat  treatment  caramelized  the 
size  and  gave  the  glass  a  light  tan  color.  The 
next  improvement  in  the  preparation  of  woven 
glass  consisted  of  running  the  heat-treated 
cloth  through  a  chemical  solution  of  methyla¬ 
crylate  chromic  complex  salt.  This  treatment 
Improved  the  physical  properties  of  the  lami¬ 
nates.  However,  late  In  1945,  It  was  found  that 
laminates  exposed  to  weathering  conditions  of 
high  humidity  or  immersion  in  water  lost  as 
much  a3  50  percent  of  their  mechanical 
strength.  The  large  loss  In  flexural  strength  of 
glass-fiber  polyester  laminates  caused  by  water 
can  be  traced  to  the  inadequate  nature  of  the 
bond  between  the  resin  and  glass  filaments. 
This  vas  thought  to  be  caused  by  moisture 
pen  .trating  between  the  resin  and  glass 
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Fabric 

Number 

Average 

Thickness 

(Inches) 

Average 
Wgt/Sq  Yd 
(ounces) 

Type  Weave 

warp 

Yarn 

fill 

Threads 
per  Inch 
warp  fill 

112 

0.003 

2.09 

Plain 

450 

450 

40 

39 

116 

0.004 

3.16 

" 

450 

450 

60 

58 

128 

0.007 

6.00 

M 

225 

225 

42 

32 

162 

0.015 

12.20 

ft 

225 

225 

28 

16 

164 

0.015 

12.60 

M 

225 

225 

20 

18 

120 

0.004 

3.16 

4-Harness  Satin 

450 

450 

60 

58 

181 

0.0085 

8.90 

8-Harness  Satin 

225 

225 

57 

54 

182 

0.013 

12.40 

8-Harness  Satin 

225 

225 

60 

56 

183 

0.018 

18.75 

8-Harness  Satin 

225 

225 

54 

48 

184 

0.027 

25.90 

8-Harness  Satin 

225 

225 

42 

36 

143 

0.009 

8.90 

Crowfoot  Satin 

225 

450 

48 

30 
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fiber  Interfare.  Since  1945,  a  number  of 
research  programs  on  glass  fabric  treatment 
have  been  carried  out  by  both  industry  and 
Wright  Air  Development  Center.*  The  Owens 
Corning  Glass  Company  evolved  a  finish,  des¬ 
ignated  "Volan  A,"  which  gave  laminates  good 
wet  strength  retention.  This  finish  Is  also 
based  on  methylacrylate  chromic  chloride.  5 
An  outstanding  finish,  designated  B.J.Y.,  base 
upon  vlnylchlorosllane,  has  been  developed  by 
Bjorkstcn  Laboratories,  but  because  of  the  for¬ 
mation  of  hydrochloride  acid,  commerlcal  pro¬ 
cessing  techniques  liave  not  been  worked  out, 
and  tills  finish  has  not  been  used  on  a  very 
large  scale.® 

In  an  attempt  to  eliminate  the  use  of  acidic  or 
acld-produclng  chemicals  In  glass  treating 
plants,  a  silicone  polymer  has  been  worked  out 
which  contains  vinyl  groups  on  each  silicon 
atom.  This  resin  is  free  of  chlorine  and  is  a 
neutral  polymer  that  can  be  used  In  a  toluol  so¬ 
lution.  This  resin  size,  marketed  as  Linde 
treatment  GS-1,  can  be  applied  to  heat-treated 
glass  cloth  from  a  hydrocarbon  solution  pro¬ 
ducing  a  finish  on  the  glass  having  properties 
similar  to  thoee  obtained  by  sizing  with  vlnyl- 
trlchlorosllane.  The  result  of  this  treatment  Is 
to  cover  the  glass  filaments  with  a  nearly  con¬ 
tinuous  sheath  of  silicone.  This  coating  not 
only  covers  the  glass  fibers  but  Is  firmly  at¬ 
tached,  either  by  some  type  of  strong  surface 
force  or  actual  chemical  reaction  with  the 
glass.  This  silicone  treatment  prevents  wetting 
of  the  glass  by  water,  and  is  not  seriously  af¬ 
fected  by  breaks  or  fissures.  In  addition,  the 
vinyl  groups  attached  to  each  silicon  atom  in 
this  sheath  are  available  for  double  bond  poly¬ 
merization  with  suitable  unsaturated  resins. 

The  amount  at  size  on  the  glass  can  be  con¬ 
trolled  simply  by  adjustment  of  the  concentra¬ 
tion  of  the  soluMon.  Investigations  at  Linde 
have  shown  that  beto*  about 0.2  percent  of  size 
on  the  glass  filaments,  the  wet  strength  reten¬ 
tion  begins  to  fall  off.  Wet  strength  retention 
does  not  seem  to  be  affected  by  greater 
amounts  of  this  size,  but  a  definite  decrease  in 
dry  strength  becomes  apparent  above  0.5  per¬ 
cent  size. 

To  avoid  processing  which  Involves  the  use  of 
hydrocarbon  solvents,  Linde  Silicone  Division 
has  recently  developed  a  new  vinyl  silicone 
emulsion  that  can  be  applied  to  the  fabric  in  a 
water  solution.  These  silicone  treatments  are 
designated  as  A- 172  for  polyesters,  and  A-1100 
for  phenolic  and  epoxy  resins.  The  applicable 
specification  for  the  finish  of  glass  fabric  is 
MIL-F-9118.  Another  new  treatment  is  called 
Garan  finish.7  This  finish  improves  the  wet 


strength  of  glass  laminates  and  is  available 
commercially. 

Preliminary  data  indicate  that  with  most 
Doivester  resins,  laminates  will  maintain  90 
percent  or  more  of  their  physical  properties 
after  30  days  immersion  in  water  with  these 
Garan,  Bjorksten,  and  I.tnde  sizing  treatments 

Personnel  at  the  Naval  Ordnance  Laboratory 
in  Washington  have  worked  with  silane  finishes 
and  have  developed  on  outstanding  finish  desig¬ 
nated  NOL-24.®  This  finish,  or  size,  not  only 
reduces  the  loss  In  strength  of  polyester  lami¬ 
nates  due  to  water  immersion,  but  vastly  Im¬ 
proves  the  physical  properties  of  phenolic  and 
epoxy  resin  laminates.  The  theory  of  why  this 
finished  improves  the  flexural  strength  and 
modulus  of  glass-reinforced  phenolic  or  exopy 
laminates  is  based  upon  the  fact  that  the  fini¬ 
shes  react  chemically  with  the  surface  of  glass 
fibers  and  the  resin,  thus  bridging  the  discon¬ 
tinuity  at  their  interface.  This  chemical  bond 
between  the  glaBS  and  the  resin  causes  the 
system  to  work  as  a  unit,  utilizing  to  a  greater 
degree  the  high  strength  of  the  fibers. 

The  current  status  of  finishes  Intended  pri¬ 
marily  for  woven  glass  fabrics  may  be  sum¬ 
marized  aa  follows:  Volaa  and  Garan  are  used 
to  the  greatest  extent,  since  they  are  approved 
under  MIL-F-9118,9  and  are  readily  available 
commercially;  the  other  finishes,  Buch  as 
Linde  A-172  and  A-1100,  NOL-24  and  Bjork¬ 
sten,  have  to  be  ordered  specially  from  various 
fabric  weavers. 

8-15.  Adhesives  for  Radome  Bonding 

This  paragraph  treats  the  use  of  adhesives 
for  bonding  various  plastic  or  metal  attach¬ 
ments  to  reinforced  plastic  radomes.  This  in- 
. elves  r'ocucnion  of  plastic-to-plastic,  plastie- 
to-metal,  or  metal- to- metal  bonding.  The  use 
of  adhesives  in  bonding  sandwiches  will  be  dis¬ 
cussed  under  the  section  on  sandwiches. 

Adhesives  employed  for  bonding  aircraft 
components  are  usually  classified  into  two 
groups,  cold  setting  and  hot  setting.  Both 
types  require  enough  pressure  applied  to  the 
bonding  areas  to  insure  contact.  Usually  15 
pounds  per  square  inch  is  the  minimum  desired 
pressure,  with  200  pounds  per  square  inch  the 
maximum. 

The  adheBives  used  in  bonding  radome  as¬ 
semblies  together  in  structural  applications 
are  synthetic  in  nature,  and  are  based  upon 
polyester,  melamine,  phenolic,  resorcinol, 
furane,  and  epoxy  resins.  After  considerable 
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research,  these  adhesives  have  proved  the 
most  satisfactory,  since  they  cannot  be  soft¬ 
ened  by  solvents  or  a  normal  amount  of  heat 
after  cure. 

Before  an  adhesive  Is  selected  for  a  bonding 
application,  the  following  factors  must  be  taken 
Into  consideration:  (1)  the  working  properties 
of  the  adhesive:  (2)  methods  of  preparing  the 
bonding  surfaces:  (3)  the  pot  life;  (4)  the  method 
of  application,  and  amount  andduratlon  of  bond¬ 
ing  pressure  and  temperature;  (5)  the  ultimate 
strength  of  the  adhesive  bond  at  temperatures 
ranging  from  80  to  400°  F;  as  well  as  (6)  the 
degree  to  which  the  adhesive  or  the  adhesive- 
bonded  joint  can  resist  moisture,  solvents,  and 
stresses  that  tend  to  deteriorate  the  strength  of 
the  joint  In  service. 

All  structural  bonding  operations  are  similar, 
In  general,  these  steps  are  followed:  (1)  Prep¬ 
aration  of  surfaces  to  be  bonded;  (2)  Applica¬ 
tion  of  adhesive  to  faying  surfaces;  (3)  Curing 
of  the  bond;  (4)  Quality  control  test  of  the  bond. 

In  any  bonding  process  the  most  critical  fac¬ 
tor  In  obtaining  a  strong,  satisfactory  joint  la 
the  preparation  of  the  surfaces  to  be  bonded. 
In  all  cases  the  bonded  areas  must  be  clean  and 
free  of  grease  or  other  contamination.  With 
reinforced  plastics,  this  Is  usually  accom¬ 
plished  by  sanding  the  plastic  surface  or  by 
peeling  off  one  ply  of  the  glass  reinforcement. 
An  extensive  amount  of  research  has  been  de¬ 
voted  to  the  preparation  of  metals  before  bond¬ 
ing.10  Usually  the  metal  Is  degreased  by  the 
use  of  a  hydrocarbon  solvent  and  then  treated 
with  an  alkali  cleaner. 

Cold-setting  adhesives,  such  as  the  poly¬ 
esters,  furanes,  resorcinols,  and  epoxies,  are 
usually  liquids  that  have  to  be  accelerated  or 
catalyzed  with  a  second  component.  These  ad¬ 
hesives  correspond  to  Types  H,  HI,  or  IV  of 
MIL-A-B331.11 

After  addition  of  the  catalyst,  the  pot  life 
ranges  from  10  to  00  minutes.  During  this 
time  the  surfaces  of  the  bonded  part  must  be 
coated  by  brush  or  spray  and  the  parts  assem¬ 
bled  and  held  under  pressure  at  room  tempera¬ 
ture.  In  general,  the  pressure  must  be  kept  on 
the  assembly  for  1  to  8  hours  to  allow  the  ad¬ 
hesive  to  set.  Most  cold-setting  adhesives  re¬ 
quire  from  24  to  96  hours  at  room  temperature 
to  obtain  their  optimum  physical  properties. 

Certain  types  of  modified  phenollCB  or  mela¬ 
mine  resins,  are  used  as  liquids,  films,  or  In 
the  solid  form  as  powders.  These  adhesives 
meet  specifications  for  Types  I,  II,  VI,  and  VII 


of  MIL  A-8331  In  the  form  •  >(  I '-quids,  tin  v 
are  brushed  or  sprayed  on  the  surfaces  to  tie 
bonded;  films  or  powders  are  laid  between  the 
faying  surfaces  before  closing  the  assembly. 
For  these  hot-setting  adhesives,  the  tempera¬ 
ture-;  required  for  curing  or  setting  range  from 
285  to  325u  F.  (at  the  glue  line)  for  15  minutes 
to  1/2  hour.  The  pressure  required  is  usually 
about  50  pounds  per  square  inch.  The  pressure 
can  be  removed  as  soon  as  the  assembly  Is 
brought  back  to  room  temperature,  Adhesives 
cured  in  this  manner  have  obtained  their  full 
strength  and  can  be  used  immediately. 

The  pressure  and  temperature  may  be  pro¬ 
duced  by  any  of  several  conventional  methods: 
heated  platen  in  an  air  or  hydraulic  press;  dead 
weight  loading;  vacuum  bags  in  heated  ovens  or 
autoclaves;  spring-loaded  fixtures,  such  as  a 
screw  clamp  or  toggle  clamp;  or  any  other 
method  that  will  give  a  dry  heat  source  in  com¬ 
bination  with  uniform  pressure  loading.  To  as¬ 
sure  proper  temperature  at  the  glue  line  a 
thermocouple  lead  should  be  enclosed  in  the 
joint,  at  least  in  the  preliminary  setup. 

The  generally  accepted  method  of  testing  the 
quality  of  an  adhesive  joint  is  to  subject  the 
bond  to  a  tensile  shear  load,11  This  is  done  by 
cutting  1-inch  strips  of  the  overlapped  joint  and 
pulling  the  units  apart  on  a  tensile  testing  ma¬ 
chine.  The  length  of  the  strips  should  be  ap¬ 
proximately  9  inches,  with  a  1/2  Inch  overlap. 
The  overlap  area  should  be  calculated  to  the 
nearest  thousandth  Inch  and  then  the  unit  pulled 
at  the  rate  complying  with  MIL-A-8331.  After 
the  failure  is  recorded,  the  shear  strength  is 
calculated.  It  is  general  practice  to  test  a  cer¬ 
tain  percentage  of  the  production  units  to  de¬ 
termine  the  quality  of  the  bond.  In  some  cases, 
however,  a  test  specimen  is  made  for  each 
production  unit  and  accompanies  it  through  the 
various  operations.  At  the  end  of  the  opera¬ 
tions,  the  test  specimen  is  evaluated. 

Due  to  aerodynamic  heating  which  occurs  on 
high  speed  aircraft,  there  is  a  need  for  adhe¬ 
sives  to  withstand  higher  temperatures.  Such 
adhesives  are  needed  for  joining  metals  and 
glass-reinforced  plastics  to  themselves  and  to 
each  other. 

All  adhesives  commercially  available  are  or¬ 
ganic  and  are  therefore  subject  to  definite 
temperature  limitations.  In  load-carrying  ap¬ 
plication,  the  upper  limit  at  present  is  approx¬ 
imately  350°  F;  above  this  temperature  the 
strength  of  most  adhesives  falls  off  rapidly. 

Investigations  on  the  development  of  high 
temperature  adhesives  are  described  in  Refer¬ 
ences  12  and  13. 
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The  hipest  disadvantage  of  adhesive  bonding 
is  the  fact  that  there  has  been  no  satisfactory 
method  .if  determining  by  test  whether  or  not 


the  hmded  assemblies  aie  structurally  effi¬ 
cient.  Inspection  met  hods  nave  lieen  under  in¬ 
tensive  study  for  a  number  of  years.  ’ 


SECTION  C.  SOLID  RADOME  CONSTRUCTION 


fi-l«  Normal  Temperature  (-60  to  225°  F) 

For  the  most  part  solid  radomes  for  opera¬ 
tion  at  temperatures  ranging  from  -60  ta  225° 
F  are  constructed  of  glass-reinforced  lami¬ 
nates  ranging  from  0.020  to  0.500  Inch  thick. 

Airborne  radomes  are  usually  constructed  of 
woven  glass  cloths  (116,  120,  181  or  combina¬ 
tions  of  these)  Impregnated  with  styrene  alkyd 
copolymers,  diallyl  phthalate,  or  epoxy  resins. 

8-17.  High  Temperature  (225  to  500°  F) 

Solid  radomes  for  high  temperature  use  are 
made  of  the  same  types  of  woven  glass  rein¬ 
forcement  (such  as  116,  120  or  181),  but  the 
resins  are  usually  restricted  to  silicones, 
phenolics,  and  the  triallylcyanurate  copoly¬ 
mers.  The  woven  cloth  used  Is  covered  by 
MIL-F-9084.  The  finishes  used  on  the  woven 
glass  cloth  are  covered  by  MIL-F-9118. 

The  silicone  resins  that  are  currently  used 
are  Dow  Coming's  2106  and  General  Electric's 
81369. 16  The  silicone  resin  requirements  are 
outlined  in  MIL-R-25506,1”  The  low  pressure 
silicone  laminates  are  covered  in  MIL-P- 
25518. 18 

The  most  heat  resistant  phenolic  developed  to 
date  is  Cincinnati  Testing  Laboratory's  CTL- 


91LD.18  The  CTL-91LD,  phenolic  glass- rein¬ 
forced  laminate  meets  ttie  requirements  of 
M1L-P-25515.28  Of  the  triallylcyanurate 
copolymers,  three  are  available  commerically 
that  are  used  for  radome  fabricating.  They  are 
Naugatuck  Chemical  Company's  Vibrin  135; 
American  Cyanamid's  42  32;  and  Pittsburgh 
Plate  Glass  Company's  5000-468-53. 2*  The 
specification  covering  the  requirements  of 
these  heat  resistant  polyester  rosins  is 
MIL-R-25042,22  Laminates  made  from  these 
three  types  of  resins  and  1 81  cloth  have  been 
extensively  evaluated  for  physical  properties  at 

room  and  elevated  temperatures.88'2*^  The 

requirements  for  the  completed  laminate  are 
covered  in  MIL-P-25395.28 

The  greatest  difficulty  in  the  use  of  these 
three  types  of  resins  in  the  fabrication  of 
solid-wall  radomes  has  been  to  develop  meth¬ 
ods  of  post-curing  the  laminates  so  as  to  elim¬ 
inate  the  formation  of  bubbles  or  blisters  be¬ 
tween  the  glass  laminate,  which  causes  delami¬ 
nation  of  the  piles  of  glass  reinforcement.2 1,24 

The  triallylcyanurate  resin  laminates  also 
tend  to  crack  upon  exposure  to  500°  F.  Studies 
indicate  that  an  asbestos  overlay  sheet  tends  to 
eliminate  this  difficulty.2* 


SECTION  D.  SANDWICH  RADOME  CONSTRUCTION* 


Sandwich  construction  consists  of  two  or 
more  thin  skins  stabilized  against  buckling  with 
a  lightweight  core  material. 

8-18.  Types  of  Core  Materials 

The  organic  materials  commonly  used  in 
sandwich  radomes  consist  of  glass  fiber- rein¬ 
forced  plastic  skins  made  with  glass  cloth  of 


•From  the  view  of  materials  and  fabrication 
techniques,  the  multiple  sandwich  can  usually 
be  considered  as  two  or  more  Identical,  single 
sandwiches  with  zero  spacing  between  them. 
Therefore,  only  the  methods  of  fabricating  a 
single  sandwich  will  be  discussed, 


such  weaves  as  112,  116,  120,  181,  impregnated 
with  polyester,  epoxy,  phenolic,  or  silicone 
resins.  These  laminate  skins  meet  the  re¬ 
quirements  of  the  applicable  laminate  specifi¬ 
cations.8  The  core  used  is  usually  of  one  of 
the  following  types:  (1)  Honeycomb  core,  (2) 
Fluted  core,  (3)  Foam  core. 

8-19.  Honeycomb  Core 

In  general,  the  honeycomb  and  fluted  core  can 
be  considered  as  one  type  of  core  material, 
since  they  are  usually  made  from  glass  fabric 
impregnated  with  a  minimum  amount  of  resin 
and  vary  only  in  their  geometry.  The  greatest 
difference  between  them,  perhaps,  lies  in  their 
method  of  manufacture  and  use. 
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Glass  I. aoric  huncyt'omb  t  •  >r«-  materials  arc  Die  pre  ignm  typ*  nf  himrvromti  cun'  is  sup- 

made  with  hexagonal  shaped  cells  of  several  :>lied  in  the  expanded  condition.  See  figure 

sizes.  They  are  usually  made  from  112  cloth  8-1.  It  is  possible,  bv  warming  sheets  if  the 

in  which  the  cell  nodes  are  bonded  together  resin-impregnated  honeycomb,  to  post-form 

with  thin  layers  of  organic  resir,.  The  cell  sections  to  a  fair  double  curvature  Mzehtr.rd 

sizes  usually  used  are  3/16,  1/4.  and.t’«  inch  double  cu.vatures  are  possible;  in  order  t< 

with  densities  ranging  from  2.5  to  9  pounds  per  provide  support  for  the  cell  walls,  the  core 

cubic  foot.  may  be  temporarily  embedded  In  a  matrix  of 

fusible  alloy  or  wax,  Contoured  honeycomb 
Honeycomb  cores  are  of  two  types.  The  sections  cut  to  fabricators'  shapes  are  com- 
cheaper  of  the  two  types  Is  fabricated  by  a  pro-  m?rclally  available, 
cess  in  which  adhesive  is  applied  in  alternately 

spaced  and  Interspersed  strips  to  the  upper  There  are  generally  two  deficiencies  to  be 

surfaces  of  the  stacked  sheets  from  which  <  /ercome  in  the  use  of  honeycombs  in  Bandwich 

the  honeycomb  Is  to  be  made.  These  strips  or  radomes.  The  first  is  the  difficulty  of  obtain- 

nodes  form  the  bonding  points  of  the  honeycomb  ing  accuracy  in  the  core  thickness;  the  second 

cell  upon  curing  of  the  adhesive.  The  flat  sheet  is  the  trouble  experienced  in  obtaining  the  op- 

ls  then  cut  in  the  required  thickness  and  the  timum  bond  between  the  honeycomb  and  the 

honeycomb  expanded  by  pulling  on  each  end  of  surface  skins  at  all  times.  In  the  expansion 

the  flat  sheet.  In  the  second  type,  mandrels  type  of  honeycomb,  the  blocks  of  core  are  cut 

are  used  for  cell  formation. 21  For  double  cur-  into  slices  by  power-operated  guillotines, 

vature  work  the  unexpanded  core  is  dipped  in  Contoured  thicknesses  of  the  preformed  core 

resin  that  has  been  diluted,  stretched  over  the  are  cut  from  this  block  with  a  bandsaw,  leaving 

appropriate  contour,  and  allowed  to  cure  in  po-  the  cut  edges  of  the  sheet  with  a  somewhat 

sltion.  It  Is  also  possible  to  machine  sections  stringy  frayed  edge  of  glass  fiber, 

from  the  unexpanded  blocks  of  honeycomb,  so 

that  when  the  sections  are  expanded  curvatures  Glass-reinforced  honeycombs  display  pro- 

are  again  obtained.  nounced  directional  shear  properties,  but,  this 


Flgutt  S-l .  Skolth  »f  Hon.), corn!  Co,»  Sirvolwr.  fT  I.  tho  thleknoii,  or  doptk;  L  it  Hit  width,  olio  eollod  tho  niton  dl/octlon  or  lottgl. 
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is  usually  overcome  by  orienting  the  core  so 
the  major  loads  are  carried  In  the  longitudinal 
or  ribbon  direction  shown  In  Figure  8-1. 

The  National  Advisory  Committee  for  Aero¬ 
nautics  and  the  Forest  Products  Laboratory 
have  carried  out  an  extensive  study  of  the  phy¬ 
sical  properties  of  honeycomb  cores  and  plas¬ 
tic  sandwiches  prepared  from  them.  Analysis 
of  compressive,  shear,  and  creep  properties 
are  outlined  in  their  reports  (see  References 
28  through  39).  Data  on  methods  of  inspecting 
bonds  and  methods  of  repair  of  sandwich  con¬ 
structions  are  also  outlined  in  Forest  Products 
Laboratory  reports  (References  14,  40,  41). 

The  specification  covering  honeycomb  core  is 
MIL-C-B073.42  The  specification  covering 
sandwich  construction  is  MIL-S-9041. 

8-20.  Fluted  Core. 

Another  type  of  core  material  has  been  de¬ 
veloped  by  several  aircraft  companies  for  de- 
iceable  airoorne  radomes  This  is  known  as  a 
fluted  core.  A  description  of  its  manufacture 
will  be  found  in  paragraph  8-26  under  "Core 
Construction," 

3-21.  Foam  Core 

In  view  of  the  general  use  of  foam  cores  a 
tr>atment  of  the  foamir^-tn-place  process  has 
been  included  In  paragraph  8-28  under 
"Foamed-ln- Place  Cores." 

The  specification  covering  polyurethane 
foamed-in-place  core  materials  is  VGL-C- 
8087,43  and  the  requirements  of  sandwich  con¬ 
struction  of  glass-reinforced  laminate  skins 
and  alkyd  isocyanate  foamed-ln-place  cores 
are  covered  in  MIL-S-25392.44 

Because  of  the  temperatures  encountered  in 
flight  on  high-speed  aircraft  and  missiles,  the 


need  of  temperature-resistant  foams  for  sand¬ 
wiches  became  evident  early  In  1952.  As  con¬ 
siderable  success  had  been  achieved  in  the  re¬ 
search  on  resins  for  heat-resistant,  glass- re-  j 

lnforced  laminate  skins,  the  next  logical  step  in 

the  preparation  of  heat-resistant  sandwiches  j 

was  to  evolve  a  thermally  stable  foamed-in- 
place  core  material. 


Wright  Air  Development  Center  sponsored 
several  investigations  to  develop  formulations, 
materials,  techniques  of  foaming,  and  equip¬ 
ment  for  the  production  of  a  heat-resistant, 
foamed-in-place,  low-density,  dielectric  core 
material  for  radomes.  Such  radomes  are  to 
meet  the  following  requirements:  (1)  they  will 
be  subjected  to  short-time  operation  at  tem¬ 
peratures  of  approximately  500°  F;  (2)  the 
foamed-in-place  core  dielectric  must  lend  It¬ 
self  to  use  in  sandwich  radome  designs;  (3)  the 
sandwich  skins,  between  which  the  foam  is  to 
be  expanded  and  to  which  it  must  bond  automa¬ 
tically  during  foaming,  is  to  be  of  low-pres¬ 
sure,  glass-fabric  reinforced  laminates  which 
may  be  spaced  uniformly  or  in  controlled  grad¬ 
uation  of  spacing  ranging  from  0.25  to  0.50 
inch;  (4)  radomes  will  range  in  size  from  ap¬ 
proximately  6  inches  in  diameter  by  12  inches 
long  to  approximately  20  inches  In  diameter  by 
60  inches  long;  (5)  radome  skin  thicknesses 
will  range  from  approximately  0.010  to  0.040 
inch;  (6)  sandwich  molding  thickness  must  be 
controllable  to  ±0.005  inch. 

Based  upon  this  research,  two  heat-resistant, 
foamed-ln-place  core  materials  have  been  de¬ 
veloped.  In  the  firBt  program  polyurethane 
foams  prepared  from  tolylene  diisocyanate  and 
unsaturated  aikyd-trlallylcyanurate  copoly¬ 
meric  materials  have  retained  50  percent  of 
their  room  temperature  strength  when  tested  at 
400°  F,  after  1/2  hour  at  400°  F.45  Some  of 
the  properties  of  this  foamed-in-place  core 
material  are  given  in  Table  8-1II. 


To6U  fl— iff,  Prop*rfJ«s  of  Polyvnfham  Foam* 


75°  F 

400°  F 

Compressive  Strength  (FUtwise) 

270  psi 

150  psi 

Shear  Strength 

85  psi 

40  psi 

Shear  Modulus 

7,300  psi 

3,400  psi 

Tensile  Strength  (Flatwise) 

100  psi 

70  psi 

Dielectric  Constant  8.5  Kmc 

1.16  i  0.01 

1.23  ±  0.01  (392°  F) 

Loss  Tangent  8.5  Kmc 

0.0034  ±  0.0002 

0.0024±  0.0002  (392°  F) 

In  the  second  program,  methods  for  producing 
foamed-in-place  sandwich  structures  from  sil¬ 
icone  resi.is  have  been  developed,  6  This  process 
consists  of  expanding  a  dry  powdered  silicone 
resin  containing  a  blowing  agent,  catalyst,  and 
inert  filler.  The  powder  mixture  melts  and  ex¬ 
pands  readily.  Core  density  can  be  convenient¬ 
ly  controlled  by  adjustments  in  the  temperature 
used  for  expanding  the  powdered  resin. 

Foamed-in-place  sandwiches  can  be  consis¬ 
tently  reproduced  with  a  density  variation  of 
approximately  ±  1  pound  per  cubic  foot.  Foams 


have  been  made  with  densities  ranging  from  11 
to  24  pounds  per  cubic  foot.  At  room  tempera¬ 
ture  the  compressive  strength  of  these  foams 
varied  from  80  to  400  pounds  per  square  inch, 
depending  on  the  density.  Compressive 
strength  after  one- half  hour  exposure  to  500°  F 
ransred  from  20  in  ion  nrumHn  nor*  re  inch. 
For  Instance,  a  panel  having  a  density  of  18 
pounds  per  cubic  foot  had  a  room  temperature 
compressive  strength  of  200  pounds  per  square 
Inch.  After  200  hours  at  500°  F,  Us  compres¬ 
sive  strength  was  70  pounds  per  square  inch. 


SECTION  E.  PROPERTIES  OF  ORGANIC  RADOME  MATERIALS 


8-22.  Electrical  Properties 

Compositional  and  environmental  changes  and 
factors  Influence  the  microwave  behaviour  of 
radome  and  other  dielectric  materials,  as  evi¬ 
denced  by  directional  errors  and  range  reduc¬ 
tion.  The  former  is  the  summation  of  such 
microwave  optical  phenomena  as  refraction, 
phase  front  shape,  and  polarization  distortions; 
the  latter  is  a  result  of  power  loss  through 
absorptive  dissipation  and  reflection. 

The  dielectric  constant  of  a  material  is  a 
determinant  of  Its  refraction,  reflection,  and 
electrical  thickness.  The  material’s  loss  tan¬ 
gent  Is  a  coefficient  proportional  to  its  energy 
absorptive  characteristic,  and  affects  in  vary¬ 
ing  degrees  polarization  distortions,  reflection, 
and  range  reduction. 

Dielectric  constant  and  loss  tangent  values  of 
materials  of  interest  are  periodically  published 


by  A.  R.  Von  Hippel  for  a  wide  range  of  fre¬ 
quencies  and  temperatures.4? 

Dielectric  constant  and  loss  tangent  values  of 
particular  interest  to  radome  designers  are 
reported  by  Lt.  Richard  H.  Forbes  and  Byron 
Noe  in  the  following  WADC  Technical  Reports: 

1.  "Microwave  Electrical  Characteristics  of 
Radome  Materials  at  8.5  Kilomegocycles  Per 
Second,"  Technical  Report  No.  54-273,  April 
1954. 

2.  Supplement  1,  June  1958. 

For  the  convenience  of  the  reader  the  dielec¬ 
tric  measurements  from  a  number  of  sources 
of  properties  of  typical  and  proposed  radome 
materials  have  been  compiled  in  Table  8-IV, 
"Dielectric  Properties  of  Low  Density  Mater¬ 
ials,"  and  Table  8-V,  "Dielectric  Properties  of 
Full  Density  Materials." 


Tabu  t -IV.  DUUetrlc  Prepttfltt  tl Law  Dtntliy  Mtfilali 


Class 

Name 

Description 

sp.gr  Temp 

(gm/cc)  (°  C) 

Freq 

(me) 

Dielectric 

Constant 

(Dry) 

Loss 

Tangent 

(Dry) 

By 

Honeycomb 
or  Similar 

Glass  fiber  0.0065"  wall, 
1/4"  open  cell: 

0.06 

a)  E  vector  i 

double  cell  walls 

25 

8,500 

1.10 

WADC 

b)  E  vector  h 

double  cell  walls 

25 

8,500 

1.15 

WADC 

c)  E  vector  l  sample 

25 

8,600 

1.20 

WADC 

McMillan  Isotropic  Core 

40%  Al 

0.10 

25 

9,300 

4.03 

0.0146 

McM 
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Tobin  8-1 V.  Dltltclrlc  Proportion  of  Low  DonoHy  Mahrlall  (coni) 


Dielectric 

Loss 

sp.  er 

TemD 

Freo 

Constant 

Tamrent 

Class 

Name  Description 

(gm/cc) 

(°  C) 

(me)' 

(Dry) 

(Dry) 

By 

Mineral 

Emerson  and  Cuming 

sodium  silicate 

0.38 

25 

8,500 

1.65 

0.005 

WADC 

Foamglass 

0.71 

25 

9,300 

1.14 

0.025 

NADC 

Ohio  State  University 

fire  bloated  ceramic 

0.88 

25 

8,500 

7.4 

0.009 

WADC 

Owens-Illinois 

integrated  Wollastonite 
same  converted  at 

0.28 

250 

8,500 

1.41 

0.0010 

WADC 

1,700°  F 

Pittsburgh-Coming  Foamed 

0.30 

250 

8,500 

1.44 

0.0009 

WADC 

Silica 

0.16 

25 

8,500 

1.15 

0.002 

WADC 

Virginia  Polytechnic  (90%) 

0.53 

25 

9,370 

1.7 

0.005 

NADC 

1.24 

25 

9,370 

2.54 

0.005 

NADC 

VPI-B77  calcium  aluminate 

room 

9,370 

1.52 

0.001 

NADC 

316 

9,370 

1.55 

0.001 

NADC 

VPl-90%  alumina 

1.45 

25 

9,370 

8.55 

0.001 

NADC 

VPI- Steatite 

1.29 

25 

9,370 

6.0 

0.001 

NADC 

Resin 

McMillan  Polyurethane  13%  A1 

0.23 

25 

9,300 

2.4 

McM 

22%  A1 

0.23 

25 

9,300 

4.5 

McM 

30%  A1 

0.10 

25 

9,300 

3.6 

0.008 

McM 

Silicone  XR544 

0.17 

25 

8,600 

1.18 

WADC 

0.38 

25 

8,600 

1.45 

WADC 

0.26 

25 

8,600 

1.31 

0.0015  WADC 

0.26 

250 

8,800 

1.43 

0.0017 

WADC 

Resin 

Lockioam  10%  A1 

0.273 

25 

8,500 

3.16 

0.050 

WADC 

Resin 

Lockfoam 

0.126 

25 

8,500 

1.16 

0.004 

WADC 

Re  Bin 

Goodyear 

Alkyd-Isocyanate 

0.160 

25 

9,160 

1.2 

0.004 

Good- 

year 

Data  sources:  McM:  Von  Hlppel;  NADC:  Naval  Air  Development  Center; 

’  WADC:  Wright  Air  Development  Center 

The  reader  not  familiar  In  detail  with  the  In  a  radome,  dielectric  materials  are  disposed 

principles  of  microwave  optics  is  cautioned  in  definite  thicknesses,  gradients,  and  shapes, 

that  the  electrical  behavior  of  a  radome  Is  not  From  the  viewpoint  of  microwave  optics  me- 

lndependent  of  thickness.  The  effect  of  thick-  chanlcal  thickness  is  important  as  it  directly 

ness  is  reduced  when  the  dielectric  constant  is  combines  with  dielectric  constant  to  give  elec- 

very  low  or  certain  arrangements  of  the  layers  trical  thickness  as  the  product.  This  latter 

of  the  radome  wall  are  made.  48,  49,  50  For  property  affects  phase  front  shape,  polarization 

acceptable  boresight  accuracy  it  may  prove  distortion,  and  reflection, 

preferable  to  use  high  dielectric  constants. 

Efforts  have  been  made  to  improve  transmis-  Usual  mechanical  sources  of  variation  in 

sion  properties  with  magnetic  materials.®^*  88  electrical  thickness  include  flight  erosion,  de- 


383 


Tmilt  8-Y.  Pl«hcMc  W  Fi itl  Dmuity  Humrith  (cwt) 


HHHH 

2232 


iShh 

:£S5 


aag 

£23 


is 


u  u 

aa 


aaaa 

££££ 


§3 

S:  & 


U 


9 

* 


to 

5  a-. 


ssg  e 

tH  nH 

o  ©  q 

do*  d 


9000*0 

6100*0 

6000*0 

8800*0 

0,002 

0.007 

0.0033 

0.0057 

0.007 

0.031 

tf> 

o 

110*0 

900*0 

0.003 

0.007 

0.012 

0.015 

0.01  IS 
0.023S 

0.0115S 

CM  H 

■15 

CM 

1* 

NNNCV 

■OO^COOO 

CM  N 
CfHrt 

00  N 

O  q 

*•4 

H 

2.99 

3§ 

u>  «o 

ain-fp. 

w444 

CO  CO 

O  *i 

CO 

*1 

10,000 

10,000 

10,000 

10,000 

000*01 

000*01 

MIOO 
l-t-o 
eo  co  u> 

oToTe o 

8,500 

006*8 

16,100 

16,100 

34,730 

34,730 

16,100 

16,100 

8,500 

8,500 

8,500 

B 

n  n 

ssls 

fi 40 

OHIOO 

MWNCO 

m  J!  u> 

WWW 

a 

w 

a 

70 

260 

-73, 

260 

-73 

260 

CO  CO 

CM  CM 

CO 

CM 

as  s 

a 

& 

8 

oo  m 
w  W 

ei«  « 

*4 

rH 

*4  *4 

384 


_ Tmkb  8-y.  Ditbdrle  Pimpmt tin  »f  Full  D—t/ty  HmHtjaU  (cm) _ 

Dielectric  Loss 

Sp  gr  Temp  Freq  Constant _  Tangent  _ 

Class;  Name  Description  (gny'cc)  (°  C)  (me)  (Dry)  (Soaked)  (Dry)  (Soaked) 


g  » 

CO  o  H  00 
hpjno 
o  o  o  o 


o 

t-SiS® 

m 

CO  CO 

CM 

^  *-<  CM  O 

iH 

g§ 

O 

o 

o  o  q  q 

o 

q 

d 

dodo 

o 

d  d 

o 

gg 

U)  H  (D  OS 
N  MP|  M 


>H^(Oho 
N  H  N  H  ID  lO 
^  ^  ^  ^  M 


88SSS8 

in  io  in  umo  m 
oo4  00  co  Oi  of  oo* 


eo  co  co  3  « 

NNMWNN 


^  M?  «  m 

CON  N  H 


m 

Ift  H 

09 

r- 

tft 

q 

qq 

q 

in 

oo 

w 

CM 

5,000 

cq  q 

1ft 

a 

h 

B 

* 

u 

SL 

a 

oo  od 

ad 

2 

3  =  S 

sii 

H  H  HH  “  W 

oo  oo  oo  oo  S3  << 
H  H  H  H  T2  _ 
i  i  »  i  a  a 

uooogj 

OO  OO 
w  W  W  W  ffl  > 


in  n 
*•  ©  co  eo 

iO  4ft  ift 


33  40  CO  CO 

S^SShh 

b  ^  •s  ^  55 

ISifll 

W  0Q  CO  >  > 


viation  from  dimensional  and  smoothness  spec¬ 
ifications,  surface  films  of  water  or  other 
fluids,  and  encrustations  of  Ice,  frost,  fungus, 
dirt,  and  salt.  Temperature  fluctuations  pro¬ 
duce  mechanical  thickness  variations  which  may 
be  accentuated  In  electrical  thickness  effect  by 
Hi  a]  Artrlr*  nonatant  less  tesgent  chinjcs. 

Environmental  changes,  for  example  of  tem¬ 
perature  and  humidity,  usually  but  not  always 
produce  reversible  changes  In  dielectric  con¬ 
stant  and  loss  tangent.  Process  variations  in 
the  manufacture  of  dielectrics  or  the  radomes 
themselves  are  sources  of  permanent  devia¬ 
tions  from  the  desired  dielectric  properties. 
Common  process  factors  include  variation  In 
the  ratio  of  raw  material  Ingredients,  such  as 
styrene  and  polyester;  changes  in  composition 
of  a  laminate  resulting  from  catalysts, 
pigments,  trapped  air,  or  moisture;  impurities; 
proportioning  of  resin  and  glass  fiber;  and  the 
degree  of  post-cure, 

The  reader  who  is  a  chemist  or  chemical 
physicist  Is  directed  to  Reference  S3  for  the 
molecular  theory  of  dielectrics  and  a  treat¬ 
ment  of  dielectric  constant  as  a  function  of 
temperature.  The  electrical  engineer  Is  re¬ 
ferred  to  Chapter  2,  "Electromagnetic  Field 
and  Optic  Theory,"  In  this  book,  and  to  Refer¬ 
ence  54. 

Rata  measured  and  compiled  by  Gi  R,  Blairon 
the  change  of  dielectric  properties  With  tem¬ 
perature  for  several  laminates  Is  shown  In  Fig¬ 
ures  8-2  and  8-3.  (See  also  Reference  65.) 
In  Reference  66  E.  B.  McMillan  discusses  the 
influence  of  dielectric  changes  with  temperature 
rise  onthe  electrical deslgnof  missile  radomes. 
The  chemist  and  ths  fabricator  will  find  reason 
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Flgvtt  8-3.  Lott  Tongtni  Vlttut  Tompafhtf,  Votltut 
Lamina  ft  (By  p»mflifon  0/  McMillan  Laboratory,  Inc,) 

to  provide  materials  having  the  least  change  of 
dielectric  constant  and  loss  tangent  with  tem¬ 
perature. 

When  an  Isotropic  dielectric  Is  specified  or 
implied  the  chemist  must  guard  against  an  ori¬ 
entation  of  the  dielectric  during  fabrication 
process  steps  such  as  might  result  from  foam 
core  striations  and  parallel  alignment  of  ori¬ 
ented  fabrics.  A  calculated  orientation  Is  In¬ 
troduced  when  wires,  grids,  and  plates  are  made 
a  part  of  the  radome  wall,  as  has  been  done  ex¬ 
perimentally.  s7 » 68 

Electrical  resistivity  varies  with  materials, 
often  with  their  temperature,  and  at  the  surface 
is  Influenced  by  moisture.  Relative  movement 
with  respect  to  dry  or  Ionized  air  may  produce, 
or  in  the  latter  case  reduce,  electrical  charge 
accumulation  at  the  surface.  Interface  Ioniza¬ 
tion  has  bean  thought  to  produce  a  limited  de¬ 
gree  of  radio  Interference  and  localized  micro- 
wave  dielectric  property  changes. 

The  electrical  designer  endeavors  to  avoid 
dielectric  discontinuities,  but  the  fabricator  and 
the  installer  may  need  joints  for  practical 
reasons.  The  pattern  distortion  of  a  Joint  pre¬ 
pared  in  a  laboratory  experiment  may  be  seen  in 
Figure  8-4.  When  the  plastic  foam  of  the  sand¬ 
wich  core  was  loaded  with  aluminum  powder 
until  all  elements  of  the  radome  wall  were 
nearly  electrically  homogeneous,  the  shape  of 
the  radiation  pattern  was  substantially  restored. 
It  can  be  seen  that  the  use  of  metal  powders 
may  In  certain  Instances  be  necessary  and  Is 
not  harmful  per  se;  however,  there  must  be 
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careful  electrical  design  thought,  as  well  as 
conformity  with  military  specifications  where 
applicable. 

connection  with  a  radome  Installation  or  as 
'■  covering  for  certain  radome  areas  or  sup- 
po.is,  a  dielectric  sheet  of  high  loss  and  low 
reflection  maybe  needed.  In  addition  to  MX410/ 
AP  materials,  gradient  foams  or  hair  mats, 
thin  wave-trapping  flexible  laminates,  and 
dentate  nonreflectlng  systems  have  been  avail¬ 
able. 

8-23.  Mechanical  Properties 

The  basic  mechanical  properties,  such  as 
tension,  compression,  and  flexural  strengths, 
of  glass-reinforced  laminates  differ  from  sim¬ 
ilar  properties  of  other  structural  materials  in 
that  the  resultant  laminate  Is  anlstroplc;  that  Is, 


the  various  physical  properties  vary  Indifferent 
directions  in  the  plane  of  the  sheet.  In  most 
woven  fabrics  used  In  the  reinforcement  of 
structural  plastics,  the  yarns  are  woven  at  right 
angles,  designated  as  warp  and  fill  directions. 
Generally,  In  structural  laminates,  the  piles  of 
woven  glass  cloth  are  laid  up  so  all  the  plies 
of  the  laminate  are  parallel  to  the  warp,  or  so 
that  alternate  plies  are  parallel  and  perpendicu¬ 
lar  to  the  warp.  Fabrics  having  an  essentially 
square  or  balanced  weave  (those  with  the  same 
yarns  In  equal  amount  In  the  warp  and  fill 
directions)  give  laminates  with  approximately 
equal  strength  In  directions  at  right  angles  to 
each  other,  Physical  properties  of  laminates 
made  with  balanced  weave  fabric  generally  re¬ 
sult  In  equal  strengths  lnthe  longitudinal  direc¬ 
tion  (warp)  and  In  the  transverse  dlrectlon(fill). 
Most  data  on  strength  properties  are  reported 
in  two  directions,  the  longitudinal  and  the  trans- 
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verse.  Fabrics  with  unbalanced  weave  or  uni¬ 
directional  fabrics  such  as  143,  are  usually 
pi'.^d  Ir.  a  parallel  fashion  in  mos* 

Table  S-VI  outlines  the  minimum  strength 
values  of  polyester  laminate  panels  that  are 
required  under  MIL-P-8013A  on  low-pressure, 
structural,  glass-reinforced  plastics.3  These 
values,  while  representative  of  the  mechanical 
properties  obtained  on  flat  panels  of  typical 
polyesters  and  varioua  weaves  of  fabric,  should 
not  be  used  for  design.  Even  with  one  specific 
fabric,  many  factors  such  as  type  of  resin, 
fabric  finish,  shape,  fabrication  and  molding 
procedures  Influence  the  mechanical  properties 
of  the  final  laminate. 

Strength  properties  of  glass- reinforced  lami¬ 
nates  have  been  found  to  vary  considerably,  de¬ 
pending  upon  the  processing  of  the  laminates. 
Differences  of  25  percent  may  be  found  in 
physical  properties. 

It  is  common  for  different  rolls  of  supposedly 
identical  glass  fabric  to  yield  very  different 
strengths  when  all  other  conditions  were  thought 


to  be  equivalent.  In  fact  variations  In  strength 
have  sometimes  been  found  within  a  given  roll 
nf  rloth.  One  cause  for  this  difficulty  can  be 
traced  to  the  application  of  the  finish.  If  the 
heat-desized  glass  cloth  has  traces  of  alkali 
on  Its  fibers,  the  properties  of  the  finishing 
treatment  are  adversely  affected.  The  sized 
glass  cloth  also  can  deteriorate  if  adequate  con¬ 
trol  of  the  temperature  in  heat  cleaning  is  not 
maintained.  For  example,  woven  glass  cloth 
that  has  been  heated  up  to  075°  F  will  lose  30 
percent  or  more  of  Its  original  strength. 

All  these  variables  tend  to  discourage  the 
designer  of  structural,  relnforced-plastic 
radomes,  since  it  Is  difficult  to  arrive  at  de¬ 
pendable  design  values.  As  with  other  struc¬ 
tural  materials,  the  ultimate  strength  of  glass 
fiber  laminates  Is  reduced  by  cycles  of  repeated 
or  reversed  loads. 

The  application  of  stresses  as  low  as  75  per¬ 
cent  of  the  Instant  ultimate  stress  will  result  in 
failure  If  the  time  of  application  Is  sufficiently 
long.  The  variation  of  time  to  failure  with  the 
amount  of  applied  stress  is  not  well  defined. 
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Fabric 

'  Ultimate  Tensile 

Compressive 

Flexural 

Flexural  Modulus  of 

No.  or 

Strength 

Strength 

Strend 

th 

Elasticity  (Initial) 

Weave 

(psi) 

(pBi) 

(PBi] 

(psi 

10°) 

Dry 

Wet 

Dry 

Wet 

Dry 

Wet 

Dry 

Wet 

112 

40,000 

38,000 

33,000 

30,000 

50,000 

45,000 

2.6 

2.5 

116 

40*000 . 

38,000 

30,000 

27,000 

45,000 

39,000 

2.6 

2.5 

128 

40,000 

38,000 

23,000 

21,000 

45,000 

30,000 

2.8 

2.5 

162 

40,000 

38,000 

18,000 

14,000 

33,000 

29,000 

2.2 

2.1 

164 

40,000 

38,000 

18,000 

14,000 

33,000 

29,000 

2.2 

2.1 

120 

40,000 

38,000 

33,000 

30,000 

50,000 

45,000 

2.6 

2.5 

181 

40,000 

38,000 

35,000 

30,000 

50,000 

45,000 

2.7 

2.5 

182 

43,000 

40,000 

32,000 

29,000 

45,000 

40,000 

2.6 

2.5 

183 

43,000 

40,000 

30,000 

27,000 

45,000 

40,000 

2.6 

2.5 

184 

43,000 

40,000 

26,000 

23,000 

45,000 

40,000 

2.6 

2.5 

143 

80,000 

75,000 

48,000 

43,000 

90,000 

78,000 

4.7 

4.5 

Mat 

20,000 

18,000 

20,000 

18,000 

25,000 

20,000 

1.4 

1.2 
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Mechanical  properties  of  polyester  laminates 
are  commonly  obtained  on  sheets  1/8  to  1/4 
inch  thick.  Tests  have  shown,  however,  that 
tensile,  compressive,  and  fl  xural  propertlco 
are  significantly  lower  for  very  thin  sheets, 
particularly  below  about  1/16  inch  thick.  Some 
solid  wall  radomes  aro  In  this  range  and  the 
designer  must  take  this  effect  into  account, 

The  use  of  181-weave  glass  cloth,  commonly 
employed  in  the  manufacture  of  aircraft  parts, 
is  fairly  standard  for  testing  and  evaluating 
various  laminating  resins.  Most  data  on  the 
strength  of  reinforced  laminates  made  with  this 
fabric  and  various  resins  have  been  published. 
For  the  last  six  years,  181  cloth  has  been  used 
in  the  manufacture  of  radomes  and  other  struc¬ 
tural  aircraft  parts.  It  has  the  following  advan¬ 
tages.  It  has  good  drapabllity  for  compound 
curves.  It  Is  relatively  thli)  (0.0085  Inch)  so 
that  it  may  be  used  to  advantage  In  thin  or  thick 
laminates.  It  Is  nearly  equal  In  strength  in 
both  the  warp  and  fill  directions;  there  are  57 
warp  yarns  and  54  fill  yarns  per  Inch.  Fill 
yarns  are  parallel  to  the  length  of  the  roll  and 
warp  yarns  are  perpendicular  to  the  length  of 
the  roll.  In  comparison  with  other  weaves 
It  has  high  strength  In  relation  to  Its  thickness 
and  weight. 

It  is  also  recognised  that  the  finish  on  the 
glass  cloth  plays  a  significant  role  in  the  ulti¬ 
mate  mechanical  properties  of  woven-glass 
reinforced  laminates.  In  general,  Volan  A  and 
Ggran  has  been  approved  under  M1L-F-9118, 
and  a  great  deal  of  data  on  181-Volan  with 
polyester  resin  has  been  accummulated. 

With  phenollcs  and  epoxies  181  MOL  finish 
has  shown  considerable  merit,  but  this  finish 
haB  not  beenfinally  approved  under  M1L-F-9118. 
Table  8-Vn,  extracted  from  an  article  by 
Silver  and  Erickson”!  of  NOL  on  the  Influence 
of  finish  on  the  mechanical  properties  of  181 
glass-reinforced  laminates  with  P-43  (a  poly¬ 
ester  resin),  Epon  828  (an  epoxy  resin),  and 
BV-17085  (a  phenolic  resin),  is  presented  to 
illustrate  this  point.  A  considerable  amount  of 
research  and  data  on  plastic  laminates  has 
been  reported  by  Forest  Products  Laboratory 
and  Wright  Air  Development  Center  (see  Refer¬ 
ence  59  through  69). 

Under  sponsorship  of  Wright  Air  Development 
Center,  Bureau  of  Aeronautics,  and  the  Civil 
Aeronautics  Administration,  Forest  Products 
Laboratory  has  developed  methods  of  theoreti¬ 
cal  analysis  of  plastic  laminates  and  sandwich 
constructions  to  aid  the  design  of  structural 
aircraft  parts.  In  addition,  Forest  Products 
Laboratory,  In  cooperation  with  members  of  the 


armed  services  and  members  of  aircraft  com¬ 
panies  on  the  ANC-17  Panel,  has  issued  the; 
ANC-17  Bulletin  "Plastics  for  Aircraft."  70 
This  bulletin  has  ail  tne  latest  approved  data  on 
properties  and  criteria  for  use  In  designing  re¬ 
inforced  plastic  structures  for  aircraft,  and  Is 
recommended  for  any  design  data. 

As  would  be  expected,  the  physical  properties 
of  glass-reinforced  laminates  vary  with  tem¬ 
perature.  Some  data  are  available  on  the  in¬ 
fluence  of  temperatures  as  low  as  -70°  F  which 
Indicate  that  mechanical  properties  of  glass- 
fabric  reinforced  laminates  generally  Improve 
as  the  temperature  becomes  lower.72'  73>  74 
The  increase  in  strength  varies  both  with  the 
type  of  resin  and  the  property  Involved. 

Polyester  resins  for  low  pressure  laminating 
conforming  to  Specification  MIL-R-7575  (Ref¬ 
erence  75)  possess  a  wide  range  of  strengths 
at  temperatures  as  low  as  200°  F.  Woven  glass 
laminates  made  with  polyester  resins,  In  gen¬ 
eral,  lose  most  of  their  strength  when  exposed 
to  temperatures  over  200°  F.  Relatively  few 
polyester  resins  will  give  laminates  that  main¬ 
tain  50  percent  of  their  strength  at  temperatures 
as  high  as  300°  F. 

A  considerable  amount  of  research  has  been 
conducted  on  heat- resistant  laminates  fabricated 
from  glass  cloth  andsilicone.  tr  tally  Icyanurate, 
and  phenolic  resins.!® >  !®>  24  Table  8-VEI, 
compiled  from  data  extracted  from  a  Wright 
Air  Development  Center  Technical  Report  by 
J.  Wier  and  D.  Pons,28  indicates  the  strength 
that  woven  glass  cloth  laminates  can  maintain 
at  temperatures  up  to  700°  F  after  1/2  hour 
exposure  at  the  temperature  of  test.  Table 
B-IX  gives  properties  of  glass  cloth  laminates 
with  silicone  resin  DC-2106. 

The  outer  skins  of  a  sandwich  radome  usually 
detarmlns  its  elastic  and  strength  properties; 
the  center  lamination,  or  core,  servos  to  sep¬ 
arate  the  facings  and  to  restrain  them  from  be¬ 
coming  elastically  unstable.  The  facings  are 
therefore  usually  made  of  strong,  rigid  ma¬ 
terials  having  a  high  modulus  of  elasticity  and 
the  cores  of  light  materials  having  only  suffi¬ 
cient  elastic  and  strength  properties  to  accom¬ 
plish  their  purpose.  Most  radomes  of  sand¬ 
wich  construction  can  be  analyzed  as  a  three-ply 
laminate  In  which  the  mechanical  properties  of 
the  core  are  very  different  from  those  of  the 
facings.  In  the  determination  of  the  mean 
elastic  and  strength  properties  of  such  a  con¬ 
struction,  the  interaction  between  the  core  and 
the  facings  is  considered,  as  well  as  their  re¬ 
spective  mechanical  properties.  The  materials 
of  the  core  withe  facings  will  ba  considered  to 
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Tobla  a-VIL  Ultimata  Flaaural  Sfrtnjrh  (12  Pllaa  al  181  Stylo  Cfsii  Cloth  Lomlnotat  with  Votloua  Flnllha a  -  Pjraltal 
Lam Inatad  -  Tattad  In  Longitudinal  Dlroctton/Si 


Polyester 

Paraplex  P-43 

Epoxy 
EDon  828 

Phenolic 

BV-170B5 

Finish 

Dry 

Wet 

%  Resin 

Dry 

Wet 

%Resin 

Dry 

Wet 

%  ReBin 

181-1X2 

47,800 

31,700 

30.2 

73,000 

53,000 

30.6 

52,000 

30,000 

29.8 

181-136 

75,100 

65,900 

32.7 

73,100 

63,300 

32.7 

35,000 

27,800 

29.4 

181-Volan 

86,600 

66,900 

28.1 

89,000 

79,800 

31.0 

76,600 

75,500 

29.2 

181-Garan 

89,200 

71,800 

32.2 

74,400 

65,600 

31.4 

44,600 

47,200 

29.4 

181-NOL 

94,200 

65,100 

29.1 

98,300 

91,000 

26.5 

98,500 

99,600 

29.3 

Tabla  t-V III  Avotaga  Ultimata  Flanmal  Stiajigth,  Uodulua  of  Elaatlelty,  and  Lola  In  Haight  Oi*at  Raalatant  Lamlnatat  of  181  G Ion 
Cloth  Toatod  at  Tampoialvta  Altai  0.5  Haul  at  Tamparatvta)** 


Temperature 
(°  F) 

Silicone 

DC-2104 

Phenolic 

CTL-91-LD 

Triallylcyanurate 
Laminae  4232 

Flexural 

% 

Flexural 

ijp-iwri 

% 

Flexural  Modulus  % 
(pel)  (x  10°)  Load1 

(pal) 

‘Loss* 

(psi) 

(x  10°) 

Loss* 

80 

26,000 

2.3 

- 

62,500 

4.2 

- 

39,800 

3.0 

300 

13,100 

1.8 

0.1 

59,700 

3.8 

- 

42,300 

2.8  3.2 

400 

10,400 

1.9 

0.2 

58,500 

3.9 

1.9 

42,400 

2.8  3.2 

500 

9,000 

1.8 

0.2 

51,000 

3.6 

1.8 

32,400 

2.6  3.6 

600 

8,600 

1.8 

0.2 

45,700 

3.6 

2.8 

22,800 

2.3  9.9 

700 

7,600 

1.6 

0.5 

32,100 

3.3 

6.5 

10,100 

1.6  26.4 

*  Loss  In  weight  based  upon  resin 


Tabll  8-1*.  Pngartlai  af  Sllltana  Rath  DC-2108  and  Olaai  Cloth  Lamlnata  (Eatlmatad  Raaln  Coolant  40  Poraaot) 


Room 

Temperature 

500°  F  after 

1/ 2-hour  exposure 

Tensile' Strength  (psi) 

53,900 

31,100 

Compression  Strength  (psi) 

23,800 

8,280* 

Flexural  Strength  (psi) 

41,000 

15,500 

Flexural  Modulus  (psi  x  109) 

2.6 

2.1 

Specific  Gravity:  1.93 

Water  Absorption 
(percent  in  24  hours) :  0.10 

be  orthotrople  and  oriented  so  that  the  natural 
axes  of  all  three  plies  are  parallel  to  each 
other,  thus  forming  an  nrthntrnrur'  laminate. 
In  the  design  of  sandwich  radomes,  material  for 
the  facings  is  chosen  that  will  be  acceptable 
both  from  an  electrical  and  structural  stand¬ 
point. 


For  design  data  and  test  methods  on  sandwich 
fabricated  with  glass-reinforced  laminate  faces, 
the  ALA  Reports,  MIL-STD-401  (References  76, 
77,  78)  and  ANC-23  Bulletin  on  sandwich  con¬ 
structions  for  aircraft  are  recommended. 


N.A.C.A.  and  Forest  Products  Laboratory 
have  also  Issued  a  number  of  reports  on  design 
analysis  anti  various  physical  properties  (Ref¬ 
erences  35,  36,  37,  92,  93). 

A  greatdealof  research  and  development  Work 
on  honeycomb  or  foamed- in-place  core  sand¬ 
wiches  with  woven  glass  skins  for  specific  ap¬ 
plications,  which  has  not  been  reported  in  the 
literature,  has  been  carried  out  by  various  or¬ 
ganizations. 

Some  data  on,  high  temperature  sandwiches 
have  been  reported  In  Wright  Air  Development 
Center  Technical  Report  54- 249. *5 


SECTION  F.  FABRICATION  METHODS  FOR  PLASTIC  RADOMES 
8-24.  Methods  of  Fabricating  Radomes  cator  in  obtaining  appri 


M1L-R-7705A  (ASG)  of  12  January  1955  out¬ 
lines  the  procedure  to  be  followed  by  the  fabri¬ 


cator  in  obtaining  approval  of  his  materials 
process  specification.  Related  Federal  and 
Military  Specifications  are  listed.  Usual  meth¬ 
ods  of  fabricating  various  types  of  radomes  are 
given  in  Table  B-X. 


Tali/*  B-X.  Utual  Mathodi  al  Fabricating  Typer  of  Radomei 


♦  GF:  glass  fiber  cloth 
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8-25.  Bag  Molding 

A  typical  vacuum  bag  molding  process  has  as 
the  principal  steps:  (1)  preparation  of  resin, 
fabric,  bearing  blocks,  and  Inserts;  (2)  lay  up 
of  the  fabric  In  a  prepared  female  mold  or  on  a 
male  mold;  (3)  elimination  of  air;  (4)  cure  of 
the  outer  skin  layers;  (5)  Incorporation  of 
bearing  block  Inserts;  (6)  preparation  and  in¬ 
corporation  of  core  (In  sandwich  construction); 
(7)  lay-up  of  Inner  skin  layers;  (8)  second 
cure;  (9)  permissible  repairs;  (10)  trimming; 
(11)  post-cure  when  required;  (12)  finishing; 
and  (13)  Identification. 


Preparation  of  Resin,  Fabric,  Bearing  Blocks, 
and  Innerts. 


In  preparing  the  resin,  the  amount  and  type  of 
catalyst  recommended  by  the  supplier  Is  thor¬ 
oughly  dispersed  with  a  mechanical  agitator, 
avoiding  the  Incorporation  of  excess  air.  Unless 
It  is  to  be  refrigerated,  only  enough  is  prepared 
to  meet  8  hours  requirements. 


The  glass  fabric,  cut  to  approximate  size,  is 

iimiieraeu  in  a  lank  uf  catalyzed  resin  ami 

■ioaked  until  thoroughly  saturated,  as  Indicated  by 
uniform  color.  It  Is  then  removed  and  the  ex¬ 


cess  resin  squeezed  out  tmUi  the  fabric  contains 

95  ±5  parts  of  restn  for  every  100  parts  of  1 

fabric  by  weight.  It  Is  stored  on  a  revolving 

roll  or  stretched  on  flat  aluminum  cauls  or  a 

cellophane-covered  bench,  and  covered,  In  each 

case,  with  cellophane  until  time  of  use.  Then, 

as  each  piece  of  fabric  is  removed  for  lay-up 

it  is  checked  to  remove  resin  "pools."  Figure  * 

8-5  shows  the  machine  Impregnation  of  fabric 

before  cutting. 


In  general,  bearing  blocks  are  laid  up  in  the 
form  of  belt  sections  around  the  circumference 
of  the  radome.  After  premolding  they  are 
machined  to  the  correct  dimensions. 


To  meet  the  requirements  of  MIL-P-8013, 
laminate  voids  must  be  eliminated  to  the  extent 
presently  obtainable  with  good  commercial 
workmanship.  In  solid-radomes  this  limits  the 
thickness  that  can  be  lald-up  in  anyone  molding 
operation  to  about  1/8  Inch. 


Figure  8-5.  Nothin*  Imprognailon  of  Fabric  IBy  yormlttlon  of  North  Amor/coo  Avlotlom,  to c./ 
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Lay-up  of  Fabric  In  Mold.  Generally,  the 
woven  glass  cloth,  after  tailoring,  Is  laid  upon 
the  surface  of  the  male  mold  or  in  the  female 
portion  of  the  mold  after  coating  with  a  parting 
agent.  Most  parting  agents  used  are  waxes 
such  as  carnuba,  lacquers  based  upon  cellulose 
acetate  or  vinyls,  or  silicone  oils  or  greases. 
They  are  usually  applied  by  brushing  or  spray¬ 
ing. 

In  the  lay-up  of  the  skin  layers  each  piece  of 
fabric  is  worked  tightly  to  the  mold,  templated, 
and  cut  to  avoid  wrinkles.  In  some  cases  pieces 
must  be  butt-jointed.  Otherwise  a  joint  3/4-inch 
wide  *1/4 -inch  is  used,  the  number  kept  to  a 
minimum,  and  the  joints  staggered  to  avoid  an 
excess  of  crossing  over  other  joints. 

The  following  faults  in  molding  technique 
have  been  noted.  In  one  radome,  lap  joints  in 
the  glass  cloth  of  the  skins  were  allowed,  and 
considerable  freedom  as  to  their  number  and 
location  was  permitted.  This  procedure  pro¬ 
duced  electrically  unsatisfactory  radomes. 
For  this  case  the  joints  should  have  been  butt 
joints;  their  number  should  have  been  reduced 
to  the  minimum  by  means  of  careful  lay-up 
and  tailoring.  All  butt  joints  should  have  been 
spaced  or  staggered  to  avoid  planes  of  weak¬ 
ness.  The  lay-up  technique  has  to  be  carefully 
planned  and  laid  out  for  each  radome.  The 
widest  fabric  should  be  employed  and  more  use 
should  be  made  of  deformable  fabric  construc¬ 
tions,  such  as  satin-weave,  or  special  woven  or 
sewn-fabric  lay-ups  that  matca  the  contour  of 
the  radome.  Once  the  lay-up  design  Is  complete, 
it  should  be  specified  in  detail  and  inspection 
should  Insure  that  it  Is  adhered  to  during  fab¬ 
rication. 

In  another  radome,  fabricated  by  bag  mold¬ 
ing,  the  vacuum  bag  was  badly  fitted;  this  re¬ 
sulted  in  creases  or  depressions  in  the  surface 
of  the  laminate.  The  effect  of  surface  wrinkles, 
creaBes,  butt  and  lap  joints,  and  high  and  low 
resin  content  on  properties  of  laminates  has 
been  investigated  by  Forest  Products  Labora¬ 
tory.'*  This  report  indicates  that  all  these 
factors  are  generally  detrimental  to  the  vari¬ 
ous  physical  properties  of  the  laminates  and 
should  be  kept  to  a  minimum. 

Elimination  of  Air.  Some  of  the  methods  of 
eliminating  air  to  obtain  a  void-free  condition 
comprise:  (1)  vacuum  wiping;  (2)  prewiping; 
(3)  gelation  of  resin  in  fabric  impregnation;  (4) 
use  of  a  perforated  caul.  For  vacuum  wiping 
the  proper  number  of  plies  are  placed  in  the 
female  cavity,  excess  resin  and  air  are  stroked 
out,  and  the  laminate  is  covered  with  a  trans¬ 
parent  layer  of  polyvinyl  alcohol  film,  around 


the  edges  of  which  runs  a  porous  vent-fabric 
leading  to  vacuum  lines.  Then,  with  contoured 
wiping  tools,  excess  resin  and  air  are  wiped 
from  the  center  of  the  laminate  to  the  vents  un¬ 
til  nn  air  hnhhlaQ  nr  flharo  ara  visible  to  the 

eye.  It  is  an  essential  part  of  the  technique 
that  there  is  a  continuous  liquid  seal  of  resin 
between  the  covering  cellophane  and  the  lamin 
ate.  The  layers  of  glass  cloth  have  a  natural 
springiness,  but,  provided  the  seal  Is  intact,  no 
air  will  enter.  If  a  pinhole  is  made  in  the 
cellophane,  or  if  a  strand  of  glass  fiber  extends 
across  the  seal,  air  will  enter  the  laminate  very 
rapidly,  and  it  cannot  normally  be  swept  out 
again  because  the  excess  resin  has  been  pre¬ 
viously  removed.  The  number  of  plies  of  glass 
cloth  should  be  carefully  controlled  so  that  the 
amount  of  resin  squeezeout  or  runoff  is  such 
that  the  percentage  of  resin  in  the  final  lamin¬ 
ate  is  38  *2  percent. 

In  the  prewiping  process,  the  air  Is  worked 
out  prior  to  lay-up  in  the  mold,  while  the  layers 
of  impregnated  cloth  are  stretched  out  on  a 
hard,  smooth  surface.  Wiping  can  be  dispensed 
with  if  pre-impregnated  fabric,  prepared  in 
such  a  way  that  the  resin  is  brought  to  a  semi¬ 
gel  state  under  conditions  which  eliminate  en¬ 
trapped  air,  Is  used. 

A  perforated  molding  caul  is  usually  a  fiber 
glass  laminate  about  1/32  Inch  thick  or  a  1/16 
to  1/8  Inch  thick  contoured  flexible  rubber 
sheet.  The  perforations  are  3/32  to  1/8  inch 
vent  holes  on  1  l/2  to  2  Inch  centers.  Both 
3ldes  of  the  caul  are  coated  with  a  polyvinyl 
alcohol  solution.  The  caul  is  placed  to  cover 
the  laminate.  A  layer  of  coarse  fabric  is 
placed  over  the  caul  for  venting  of  air.  Over 
this  is  placed  cellophane  and  then  a  rubber  hag. 
Vacuum  Is  drawn  and  held  up  to  30  minutes  to 
eliminate  air  prior  to  curing. 

In  most  solid  radomes,  it  Is  desirable  to  have 
transparent,  void-free  laminates.  This  type  of 
laminate  is  produced  by  sweeping  out  all  the  air 
bubbles  with  an  excess  of  resin,  keeping  the 
number  of  lap  or  butt  joints  to  a  minimum,  and 
curing  the  resin  at  a  relatively  low  temperature 
so  the  refractive  indices  of  the  polymerized 
resin  will  be  very  close  to  that  of  the  glass 
cloth.  If  a  high  temperature  in  the  range  of 
225  to  250°  F  and  a  high  rate  of  cure  are  used, 
the  refractive  index  becomes  higher  and  the 
resultant  laminate  will  be  opaque  and  slightly 
white  in  color. 

If  heat  is  applied  at  too  high  a  rate,  bubbles 
appear  throughout  the  laminate.  Some  believe 
that  these  voids  are  due  to  expansion  of  air 
dissolved  in  the  resin;  more  probably  they  are 
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bubbles  caused  by  vaporization  of  the  free 
styrene  In  the  polester  resin,  possibly  with 
some  oxygen  bubbles  caused  by  catalyst  decom- 

nnatHnn  Tt  ht»c  hnon  rhooriroH  frhnt  AVAn  oftAr 
/*--““*“**'  —  - - *■  *  ■  —  .  * - 

gelation  at  low  temperature,  when  the  laminate 

is  rigid  enough  for  removal  from  the  mold, 

further  heating  at  200°  F  still  produces  voids, 

There  is  no  reliable  data  available  that  shows 
any  significant  difference  in  the  strength  of  the 
transparent  and  opaque  laminates.  However  the 
transparent  laminates  appear  to  be  desirable 
for  quality  control,  since  a  quick  visual  Inspec¬ 
tion  will  show  any  defects  in  the  radome. 

Cure  of  Outer  Skin  Lavers.  Curing  of  the 
laminate  is  conducted  by  the  te mper ature - 1 ime 
cycles  recommended  for  the  resin.  An  ascend¬ 
ing  temperature  cycle  Is  employed,  and  Is 
timed  In  a  manner  to  avoid  vaporization.  After 
cure,  the  bag  Is  removed  and  the  skin  is  care¬ 
fully  Inspected  for  defects. 

Incorporation  of  Bearing  Block  Inserts.  Be¬ 
fore  incorporation  of  the  bearing  blocks  or  lay¬ 
up  of  a  core  of  additional  skin  layers,  the  Inner 
surface  Is  first  sanded  and  then  treated  with 
a  very  light  coat  of  resin.  The  dimensioned 
bearing  blocks  and  Inserts  are  then  put  In  place. 
If  a  preconstructed  core  Is  to  be  used,  it  is  in¬ 
serted  at  this  time.  Otherwise,  the  inner  skin 
layers  are  added  and  processed  in  the  same  way 
as  the  outer  layers. 

Core  Construction.  The  following  is  a  tech¬ 
nique  for  Incorporation  of  a  honeycomb  core: 
the  flat  or  preformed  sections  of  impregnated 
honeycomb  are  transferred  to  the  partially  con¬ 
structed  radome  In  the  mold  and  crowded  in 
tightly  to  form  locking  Joints.  If  the  radome  has 
reverse  curves  and  the  core  is  not  preformed, 
flat  core  sections  are  pressed  against  the  curv¬ 
ature  and  the  assembly  Is  cured  in  place  locally. 

Another  type  of  core  material,  developed  for 
de-lceable  airborne  radomes,  is  a  fluted  core. 
The  flutes  usually  consist  of  thin,  U-shaped 
channels  of  112  or  120  glass  cloth  Impreg¬ 
nated  with  resin  and  cured. 

In  the  process  developed  and  used  by  the 
Douglas  Aircraft  Company,  glass  fabric  im¬ 
pregnated  with  resin  is  wrapped  over  rectan¬ 
gular-shaped  wax  mandrels,  which  are  then 
carefully  laid  together  so  as  to  form  a  core 
structure  of  the  required  thickness.  Alter  the 
skins  and  core  have  been  bonded  together  and 
cured  at  low  temperature,  the  finished  radome 
is  gently  heated  so  that  the  wax  can  be  melted 
out.  The  method  haB  great  utility  for  de-lce¬ 
able  radomes,  since  the  cavities  left  by  the  wax 
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form  the  necessary  air  channels.  There  is 
some  doubt  as  to  whether  sufficient  support  is 
given  to  the  face  skins  by  the  larger  3lze  of 
corrugation,  and  the  rain  erosion  resistance 
has  been  shown  to  be  very  poor.  A  slight  dis¬ 
advantage  of  the  Douglas  system  to  that  the 
wax  mandrels  must  be  melted  down  and  re¬ 
shaped  for  each  radome.  There  Is  no  specifi¬ 
cation  on  this  type  of  core  material,  and  no 
published  reports  on  the  process  or  strength 
of  the  resultant  sandwich.  Figure  8-6  shows 
a  fluted  core  chin  radome. 

Greater  pressure  may  be  needed  to  laminate 
fabric  socks  or  to  overcome  the  resistance  to 
curvature  of  thick  sections  of  honeycomb, 

If  pressure  molding  with  a  mating  lnnerdle  or 
an  Inner  pressure  bag  Is  to  be  used,  the  steps 
up  to  this  point  are  essentially  the  same.  The 
cure  cycle  for  press-n.olded  parts  will  depend 
upon  the  mold  construction,  mold  material,  and 
part  construction.  References  80  through  83  are 
suggested  for  additional  information  on  molding 
processes. 

Trimming.  After  completion  of  all  molding 
operations,  the  radome  maybe  trimmed,  using 
the  flanges  of  the  mandrel  or  a  suitable  trim 
fixture  as  a  guide.  Prior  to  finishing,  the  com¬ 
pleted  radome  Is  inspected  for  defects. 

Permissible  Repairs.  Allowable  or  repalr- 
able  defects  are  described  by  MIL-P-8013  and 
M1L-P-9400.  Blisters  are  repaired  by  punctur¬ 
ing,  injecting  resin,  applying  pressure  until 
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cured,  and  then  are  lightly  sanded.  Areas  lack¬ 
ing  resin  are  given  an  additional  coat  of  resin. 
Excessive  thickness  buildups  are  removed  by 
grinding  provided  the  reinforcing  Dlies  are  not 
disturoed. 

Post- Curing.  For  radomes  to  be  used  above 
200°  f,  post-curing  Is  usually  necessary  to  re¬ 
move  constituents  capable  of  vaporising  with 
resultant  damage  to  the  laminate.  The  post- 
curing  time-temperature  program,  which  can  be 
obtained  from  the  resin  supplier,  Is  planned  for 
an  ascending  scale  of  temperatures  In  the 
shortest  time  that  will  not  cause  blistering  or 
crazing.  The  product  usually  darkens  under 
these  conditions,  but  this  is  of  no  importance. 

Finishing,  if  application  of  an  erosion-resis- 
tant  finish  is  called  for,  this  is  the  next  step. 
With  care  being  taken  not  to  expose  the  fabric, 
the  glaze  of  the  surface  film  of  resin  is  re¬ 
moved  with  light  sanding.  After  removal  of 
sanding  dust,  any  erosion  resistant  coating  con¬ 
forming  to  MIL-C-7439  may  be  applied. 

After  Inspection  of  the  finished  part,  radomes 
which  have  been  accepted  are  labeled  In  accord¬ 
ance  with  the  purchaser's  prints  or  other  appli¬ 
cable  specifications.  Crating  Is  normally  reg¬ 
ulated  by  specification. 

Figures  8-7  through  8-10  illustrate  some  of 
the  steps  In  the  vacuum  bag  molding  of  a  chin 


position  radome  for  the  installation  of  the  AN/ 
AP3-20E  search  Radar  under  the  Royal  Canadian 
Air  Force  Maritime  Reconnaissance,  Canadalr, 
T-imlicd,  CD-22  vein  Ion  of  tne  Bristol 
"Britannia."  Figure  8-7  shows  the  two  mirror 
image  mold  halves,  at  the  time  of  manufacture 
the  largest  aluminum  pressure  castings  yet 
made.  Electrical  strip  heaters  provided  on  the 
back  of  each  half  are  wired  to  a  programming 
console  of  timerB  and  relays.  The  castings 
were  impregnated  from  the  back  face  with  an 
anaerobic  silicone  resin,  while  the  front  face 
was  treated  with  Garalease  915.  Other  suit¬ 
able  parting  agents  available  Included  VeglnAC, 
Dow -Co  riling  DC-4  and  DC-7  and  L3X42B 
Mlcostrip. 

In  Figure  8-8,  (the  outer  skin  having  been 
cured,  sanded,  coated  with  uncured  resin  mix, 
and  the  bearing  block  molding,  Installed)  l  1/4 
Inches  thick,  l/4-lnch  cell,  uncured,  resin- 
dipped  Hexcel  honeycomb  core  Is  being  fitted 
tightly  into  place.  The  construction  provides 
for  the  retraction  of  the  nosewheel  through 
doors  in  the  aft  end  of  the  radome. 

In  Flguro  8-9  the  mold  halves  have  been  alined 
optically  and  assembled,  and  the  completed 
honeycomb  sandwiches  spliced  longitudinally 
without  electrical  discontinuity,  The  edges, 
bearing  blocks,  Inserts,  and  nosewheol  door 
frame  areas  will  be  given  their  final  trim  in 
the  mold,  but  first  the  radome  will  be  removed, 
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inspected,  and  rough-trimmed.  In  Figure  8-10 
it  is  seen  temporarily  out  of  the  mold  for  rough 
trimming. 

Figure  B-ll  illustrates  spray  application  of  a 
rain  erosion  protective  coating. 

8-26.  Matched  Tool  Molding 

Matched  tool  molding  processes  are  generally 
employed  for  radomes  based  upon  (1)  foamed  - 
In-place  cores;  (2)  sharply  curved  thick  honey¬ 
comb;  (3)  preformed  mats;  or  (4)  molding  com¬ 
pounds. 

Foamed-ln-place  Cores.  The  use  of  a  foam 
core  lor  sandwich  radomes  intrigued  early 
workers,  since  It  offered  possibilities  of  re¬ 
ducing  the  amount  of  labor  Involved  in  laying- 
up  the  honeycomb  core,  as  well  as  improving 
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the  bond  strength  and  reducing  the  electrical 
variations  because  greater  uniformity  in  the 
sandwich  construction  could  be  achieved. 

Early  investigations  consisted  of  trying  to 
foam  polyester  resins  with  carbonates  or  other 
gas-producing  chemicals.  While  these  foams 
wore  a  step  in  the  right  direction,  they  were 
generally  unsatisfactory  because  they  would 
not  rise  and  fill  the  cavities  of  very  largg 
radomes,  and  were  nonuniform  and  too  dense 
to  give  satisfactory  properties  for  most 
radome  applications. 

At  the  end  of  World  War  H,  a  Hyear  rubber 
foam  was  produced  commercially  that  had  good 
uniformity,  density,  and  electrical  properties. 
This  foam,  however,  could  only  be  produced  in 
blocks  that  had  to  be  cut  into  desired  thickness. 
The  Hyear  foam  was  somewhat  thermoplastic 
and  could  be  formed  into  compound  curvatures. 
However,  the  use  of  a  foarned-in-place  core  had 
more  to  offer,  and  after  a  considerable  amount 
of  research  the  first  polyurethane  core  material 
to  be  extensively  used  was  introduced  in  1949.8*, 
85,  88 

Polyurethane  foams  are  based  upon  the  reac¬ 
tion  of  an  unaaturated  alkyd  resin  with  an 
isocyanate.  These  types  of  foam  are  the  result 
of  a  reaction  of  the  freehydroxyl  (-OH)  and  car¬ 
boxyl  (-COOH)  groups  of  the  alkyd  resin  and  the 
Isocyanate  to  give  a  resin  molecule  of  increased 
length  and  the  liberation  of  carbondloxide  gas. 
This  reaction  can  be  Illustrated  by  the  following 
general  equation: 


The  chief  advantage  of  the  foamed-ln-place 
core  over  honeycomb  or  other  types  of  core  is 
the  ease  nt  fabrication.  The  preparation  of  the 
foam  involves  no  more  equipment  than  a  mixer 
and  a  temperature  recording  device;  hence  this 
part  of  the  equipment  is  iow  cost.  Intricately 
shaped  structural  sandwiches  can  be  molded 
with  ease.  However,  it  musi  be  realized  that 
matched  metal  molds  arc  required.  Although 
these  molds  are  not  cheap,  radomes  fabricated 
by  this  method  possess  the  following  advantages: 
(1)  Uniformity  in  construction:  (2)  Lower  unit 
cost  on  large  volume  production:  (3)  Possibil¬ 
ity  of  making  tapered  wall  thicknesses  with 
greater  control  over  final  wall  thickness. 

The  greatest  disadvantage  in  the  use  of 
foamed- in-place  radome  construction  is  the 
more  cost!:  tooling  required.  Usually,  one 
set  of  metal  or  plastic  tools  is  used  to  preform 
the  inner  and  outer  skins.  After  the  skins  are 
fabricated  and  inspected  to  determine  their 
compliance  with  design  thickness  specifica¬ 
tions,  the  sanded  skins  are  placed  on  a  set  ol 
matched  metal  tools,  usually  mounted  in  a 
hydraulic  press  or  on  some  type  of  lifting  de¬ 
vice  that  will  locate  the  male  mandrel  accu¬ 
rately  with  respect  to  the  female  cavity.  The 
foaming  mixture  is  prepared  and  then  poured 
into  the  female  portion  of  the  mold  containing 
the  outer  skin,  and  the  mandrel  containing  the 
inner  skin  is  lowered  into  place.  Spacer  blocks 
are  used  to  maintain  core  thicknesses  when  the 
entire  assembly  is  bolted  together.  Heavy 
molds  ure  required  to  withstand  the  pressures 
developed  during  the  foaming  reaction.  If  the 
mold  is  tightly  closed,  the  pressure  can  read) 
100  pounds  per  square  inch.  After  the  foani  has 
risen  to  fill  the  space  between  the  skins,  It  is 
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subjected  to  a  cure  cycle  which  develops  its  full 
physical  properties. 

With  foamed-ln-place  radome  construction,  it 
is  possible  to  take  full  advantage  of  any  thick- 

Hnnn  yo  r Int  low  iKnt  mny  **  onijji" oH  hw  j  jffar- 

ent  angles  of  incidence  over  the  wall  area. 
Thus,  a  vertical  tapered-wall  construction  can 
be  built  Into  each  radome  with  no  more  effort 
than  would  be  required  for  uniform  wall  thick¬ 
ness. 

The  materials  for  producing  foams  can  be  ob¬ 
tained  as  two  component  systems  commercially 
from  such  companies  as  Nopco  Chemical  Com¬ 
pany  or  American  Latex  Company,  or  the  com¬ 
ponents  can  be  purchased  from  the  following: 

Foaming  Resin  Tolylene  Diisocyanate 

American  Cyanlmlde  Co.  E.  I.  DuPont  Co. 
Mobay  Chemical  Co.  National  Aniline  Co. 

Pittsburg  Plate  Glass  Co,  Mob^y  Chemical  Co. 

The  foaming  process  that  can  be  used  with 
such  resins  as  Selectron  5922  from  Pittsburgh 
Plate  Glass  or  Laminae  4231  from  American 
Cyanamld,  and  tolylene  diisocyanate  from  the 
above  sources,  is  as  follows. 

1 .  A  weighted  amount  of  resin  is  poured  into 
the  mixer. 

2.  For  every  100  parts  of  resin  by  weight, 
85  parts  by  weight  of  tolylene  diisocyanate  is 
added  slowly  to  the  resin.  If  the  tolylene 
dllsocyanate,  which  has  a  viscosity  in  the  same 
range  as  water,  is  added  all  at  once  to  the  alkyd 
resin,  it  floats  on  top  of  the  resin,  forming  a 
distinct  phase,  and  splashes  out  when  the  mixer 
is  started.  Therefore  it  is  necessary  to  add  the 
tolylene  dllsocyanate  in  about  four  or  five  por¬ 
tions  at  3  to  4  minute  Intervals.  The  mixing  of 
the  tolylene  dllsocyanate  and  the  alkyd  resin 
into  a  homogeneous  blend  takes  20  to  25 
minutes  at  75°  F. 

3.  The  reaction  between  the  foaming  agent  and 
the  alkyd  resin  is  very  exothermic.  It  is  nec¬ 
essary  to  keep  the  batch  at  a  temperature  of  75 
to  85°  F  at  all  times  by  the  addition  of  crushed 
dry  ice.  If  the  temperature  is  allowed  to  reach 
95°  F,  the  reaction  will  proceed  so  rapidly  that 
the  entire  foaming  reaction  will  be  completed  in 
a  few  minutes  without  any  control. 

4.  After  the  tolylene  dllsocyanate  has  been 
completely  blended  into  Selectron  5922  or 
Laminae  4231,  2  to  3  percent  by  weight  of  dl- 
tert-butyl  peroxide  catalyst,  based  upon  the 
resin,  is  added  to  the*mlxture. 


5.  As  the  reaction  proceeds,  the  viscosity  in¬ 
creases.  After  35  minutes  of  total  mixing  time 
the  viscosity  of  the  mixture  is  taken  at  3  to  5 
minute  Intervals  until  a  viscosity  of  approxi¬ 
mately  1,500  poises  at  80  to  85°  F  is  reached. 
This  viscosity  is  usMSliy  a.ftsr  to 

55  minutes  of  total  mixing  time.  At  this  time 
8  to  10  percent  by  weight  (based  upon  the  resin) 
of  Aerosol -Acetone  solution  is  added.  This 
solution  contains  10  percent  of  Aerosol  OT  In 
90  percent  of  dry  acetone. 

8.  Mixing  is  continued  until  a  viscosity  of  the 
mix  is  reduced  to  approximately  500  poises. 
The  foam  is  then  poured  into  the  mold.  The 
mold  is  then  closed  and  the  foam  cured  for  1 
hour  at  150  to  160°  F;  for  high  temperature 
foams  an  additional  cure  of  2  hours  at  300°  F 
and  4  hours  at  400°  F  is  needed. 

To  obtain  any  desired  density  of  foam  core 
material,  the  following  calculations  can  be  used. 

1.  Determine  volume  of  the  cavity  or  wall 
thickness  of  the  sandwich  in  which  the  foam  is 
to  be  used, 

2.  Using  the  following  relationship 

D  =  W  =  DV 

where  D  =»  density,  W  =  weight,  and  V  =  volume, 
the  weight  In  pounds  of  foaming  mixture  re¬ 
quired  is  calculated.  This  includes  both  resin 
and  dllsocyanate. 

3.  Calculation  of  correct  amount  of  each  com¬ 
ponent  is  then  made  by  using  the  rosln-dilsocya- 
nate  ratio  applicable  to  the  resin  employed, 
For  Selectron  5922  and  Laminae  4231,  the  ratio 
is  100  to  85.  Thus  for  each  100  parts  of  resin, 
85  parts  by  weight  of  dllsocyanate  is  used. 

For  example,  to  obtain  a  6  pounds  per  cubic 
foot  density  foam  as  described  above,  the  fol¬ 
lowing  calculations  were  made. 

1.  Core  for  square  test  panel,  size:  18  x  16  x 
5/8  Inches  =  160  cubic  inches  -  0.0926  cubic 
foot. 


2.  D 

A  -  w . 

0  0.0926 

W  =  0,558  pound  or  252.4  gramsof  mater¬ 
ial'  required 


398 


3.  For  Selectron  5922  and  Laminae  4231  a 
ratio  of  100  parts  resin  to  85  parts  diisocyanate 
is  used.  The  weights  to  be  used  are,  therefore, 
resin  —  136.4  grams  and  diisocyanate  —  116.0 

A  general  formula  Is  given  below  for  calculat¬ 
ing  quickly  the  necessary  amount  of  resin  and 
dllsocyanate  needed  to  obtain  any  desired  den¬ 
sity.  Only  the  volume  of  the  cavity  of  the  sand¬ 
wich  need  be  known.  From  the  equation  W  = 
V  x  D  the  total  weight  of  material  required  can 
be  found  from 

W  -  Volume  of  core  (cu.  in.) 

1728  (in.  per  cu.  ft.) 

x  Density  (lbs.  per  cu.  ft.)  (8-1) 

x  464  (g  per  lb.) 
or 

W  «  Volume  of  core  x  Desnity  x  0.263  (8-2) 
or 

W  =  V  x  D  x  0.263  total  weight  (8-3) 


The  resin-diisocyanate  ratio  is  100  to  85  or  on 
a  percentage  basis. 

100  g  resin 
86  g  diisocynate 


rlcated  so  that  its  filial  expansion  pressure 
bonds  it  to  skins  In  a  matched-die  mold  system. 
A  completely  pre-expanded  foam  may  be  em¬ 
ployed  with  the  same  bag  molding  process  de¬ 
tails  as  the  conventional  honeycomb  core.  It  is, 
in  fact,  a  conventional  honeycomb  core  having 
each  cell  filled  with  an  aluminum-powder  loaded 
resin  composition,  partially  or  completely  ex¬ 
panded  as  may  be  required.  The  entrapment  of 
the  loaded  foam  within  discrete  partitions  pro¬ 
vides  a  freedom  from  dielectric  orientations,  so 
that  a  sandwich  made  with  this  core,  in  place  of 
the  heavier  solid  half-wave  or  solid  type  B  wall 
constructions,  is  suitable  for  use  where  severe 
polarization  or  boreslght  restrictions  are  nec¬ 
essary. 

While  there  are  numerous  other  methods  and 
variations  thereof  for  matched-die  molding,  it 
is  only  possible  to  treat  at  this  time  several  of 
the  principal  ones,  namely,  preform  molding; 
vacuum  injection  (Marco  patent);  and  com¬ 
pression,  pressure  Injection,  and  transfer 
molding. 

Preform  Molding.  In  the  usual  preform  mold¬ 
ing  process,  the  male  die  is  heated,  the  unim¬ 
pregnated  preform  is  dropped  over  it,  and  the 
resin  mix  poured  onto  the  top  of  the  preform. 
The  press  brings  the  male  and  female  dies 
together,  the  movement  becoming  slower  as  the 
stops  at  the  final  matched  position  are 
approached  so  that  preform  air  will  have  time 
to  escape.  When  the  resin  has  finally  displaced 
the  air,  the  resin  appears  as  a  flash. 


185  g 


Thus  percentage  of  resin 


—  x  100=  54.05 
186 


Percentage  of  Dllsocyanate  *  -S|  x  joO-  45.95 

Since  Equation  (8-3)  gives  the  total  weight  re¬ 
quired,  the  weight  of  resin  in  grams  required 
therefore  equals: 

W  =  V  x  D  x  0.283  x  0.5405 

(8-4) 

*  V  x  D  x  0.1422 


Similarly,  the  required  amount  of  dllsocyanate 
Is  found  from 

W  ■=  V  x  D  x  0.283  x  0.4595 
■  W  x  D  x  0.1208 


Reference  87  describes  a  partially  pre-ex¬ 
panded  foam  core  structure  that  may  be  fab- 


Only  moderate  pressure  is  required  to  reach 
the  stops  If  the  preform  weight  is  proper.  If 
pressure  Is  light  it  may  be  found  later  that  air 
Is  trapped  In  the  product  or  that  there  are  resin- 
rich  areas  which  may  crack.  If  the  pressure  is 
above  normal,  resin-slarved  areas  may  be 
created  due  to  excessive  preform  weight.86 
Gelling  before  the  press  is  closed  may  prevent 
the  resin  from  reaching  the  bottom  of  the  pre¬ 
form.  A  wrinkled  product  may  be  due  to  a 
poorly  fitting  preform.  The  lower  strength  of  a 
preform  molding,  compared  with  a  fabric  lam¬ 
inate,  has  limited  its  use  to  thick  sections,  as 
for  the  half-wave  construction.  Where  specifi¬ 
cations  permit,  a  chopped  fiber  preform  such 
as  that  shown  in  Figure  8-12  may  be  suitable. 

Marco  Vacuum  Injection.  Since  a  press  is  not 
needed,  very  large  parts  may  be  made  by  the 
Marco  vacuum  injection  process.  The  matching 
dies  are  fitted  together  easily,  as  the  bulk  of 
the  preform  is  kept  low.  The  lower  open  edges 
of  the  two  dies  are  immersed  in  a  peripheral 
trough  containing  resin  mix.  A  vacuum  line  at 
the  highest  point  in  the  upper  die  sticks  the  resin 
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up  through  the  mold  cavity.  Wllh  proper  pre¬ 
form  density,  air  removal  Is  very  good,  but  If 
lay-up  of  the  preform  Is  poor  the  relative  dis¬ 
tribution  of  glass  and  resin  In  the  product  Is 
variable.  When  strength  and  uniformity  re¬ 
quirements  are  high,  the  use  of  the  process  for 
airborne  radomes  Is  limited,  References  81 
and  82  contain  additional  information  onpreform 
and  vacuum  Injection  molding, 

Knitted  or  woven  fabric  has  been  used.  Both 
gravity-distributed  and  vacuum- Injected  resin 
distribution  has  been  employed  with  knitted 
socks.  The  recent  availability  of  seamless 
woven  fabric  socks  has  led  to  study  of  their  use 
In  pressure  closed  matched  die  systems  with 
and  without  pre- impregnation.  With  proper 
product  design  the  very  stringent  strength  and 
dielectric  uniformity  requirements  of  missile 
and  other  supersonic  radomes  should  be  more 
readily  met  with  seamless  woven  sock  lay-ups. 

Compression,  Pressure  In.le ction,  and  Trans¬ 
fer  Molding.  The  details  of  the  compression, 
the  pressure  Injection,  and  the  transfer  molding 
processes  are  too  well  known  throughout  the 
plastics  Industry  to  require  description  here. 81 
It  Is  sufficient  to  say  that  matched- die  com¬ 
pression  molding  has  been  successfully  em¬ 
ployed  In  the  manufacture  of  small  missile 
radomes,  while  transfer  molding  and  pressure 
Injection  molding  have  provided  precision  con¬ 
trol,  density,  and  low  cost  for  the  production  of 
antenna  fed  pressurizing  covers. 


Production  of  radomes  by  matched  tool  m  o- 
cesses  is  shown  In  figures  8-13  and  8-14,  Fig¬ 
ure  8-13  shows  polyurethane  foam  Ingredients 
being  mixed  by  an  operator  wearing  a  gasmask. 
In  Figure  8-14,  he  Is  pouring  It  through  a  screen 
into  a  female  die  In  which  the  outer  skin  rest;, 
already  cured,  The  male  die,  seen  above  It,  Is 
covered  with  the  cured  Inner  skin 

8-27.  Lathe  Turning 

Some  manufacturers  deduced  that  lathe  turning 
might  be  suit cil  to  missile  radome  manufacture. 
Just  as  ground  lenses  are  more  accurate  than 
molded  ones,  tt  was  expected  that  turned  and 
ground  radomes  would  provide  more  uniform 
microwave  characteristics  than  molded  ones. 

After  giving  considerable  attention  toclie  aline- 
ment  techniques,  other  manufacturers  have  used 
matched  molds.  However,  the  necessity  of 
adjusting  radome  wall  thickness  to  the  small 
changes  in  dielectric  proper!  ios  that  occur  lrmn 
batch  to  batch,  Is  a  problem,  and  the  placing  of 
u  pressure  duct  in  the  wall  is  not  as  easy  as  in 
the  bag  molding  process,  used  as  an  adjunct  to 
lathe  turning.  Of  course,  a  matched-dle  mold¬ 
ing  could  be  lathe  finished. 

Ill  the  usual  process  . i  male  mandrel  is  wrapped 
with  resin-mix  impregnated,  wovon-plustt 
fabric  socks  or  pattern-cut  flat  pieces, 


Ptgwo  6-13,  Mixing  Polyonthana  Foam  (By  pormltilon  of 
Bruntwlck-Balko-Colkndar) 
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Aljuf*  8-14.  Poorlng  Pa~m  Info  MofcW-Oft  Mold  (By  pormlo- 
»lon  at  9run« wici-fla lk9~Coil*nd*t) 


Naugatuck  Chen’ leal  trlallyl  cyanurate  resin, 
Vibrln  13B,  has  been  selected  for  high  temper¬ 
ature  strength  and  electrical  characteristics, 
The  total  wall  thickness  Is  built  up  In  a  number 
of  curings,  and  a  transparent  polyvinyl  alcohol 
bag  Is  used  to  facilitate  wiping  until  the  resin 
gels  to  attain  freedom  from  voids.  As  each  new 
series  of  layers  1b  added,  the  outermost  cured 
layer  of  the  previous  series  is  peeled  off  to 
provide  a  bonding  surface. 


The  total  number  of  layers  Is  planned  so  that 
the  final  lathe  grinding  operation  will  not  cut 
through  any  layer.  To  make  this  easy,  the  last 
group  of  layers  Is  molded  on  a  lathe  cut  base 
which  will  allow  them  to  He  parallel  to  the  final 
Surface. 

\ 

When,  the  final  outer  surface  has  been  ground, 
the'  radome  Is  transferred  to  the  surface  flhlah- 
lng  station,  where  It  Is  rotated  horizontally 
under  heat  lamps  while  a  very  thin  coating  of 
resin  mix  Is  applied.  A  bo  re  Bight  check  may  be 
performed  Just  prior  to  finishing  to  determine 
whether  any  external  thickness  correction  Is 
needed. 

Larger  missile  noses  have  been  corrected 
with  Internal  patches.  Two  contractors  are 
known  to  employ  Insert  phase  measurements 
to  locate  areas  in  need  of  correction, 


Progress  In  electrical  design  techniques  has 
enabled  these  radomes  to  assume  fineness 
ratios  from  2.5  to  over  4,0,  and  to  possess 
pointed  tips  with  apex  angles  less  than  30°. 

Fabrication  of  the  half-wave  and  of  the  type 
B  walls  Is  very  nearly  the  same,  from  the 
molder's  viewpoint,  except  that  type  B  walls 
comprise  two  solid  quarter-wave  thick  shells 
that  are  slipped  Into  each  other  and  bonded 
together,  with  a  few  thin  bands  of  loaded  di¬ 
electric  sandwiched  In  shallow  grooves  in  the 
inner  shell.  (See  References  48,  49,  50,  68, 
83.) 

In  Figure  8-15  the  lay-up  of  the  fabric  Is 
shown.  In  Figure  8-16  It  is  shown  being  en¬ 
cased  in  a  polyvinyl  alcohol  vacuum  bag.  En¬ 
trapped  air  is  continually  wiped  out  until  gelling 
occurs,  as  shown  In  Figure  8-17.  The  auto¬ 
matic  grinding  of  the  cured  build-up  In  a  dupli¬ 
cating  lathe  shortly  before  the  addition  of  the 
final  outer  layers  is  illustrated  In  Figure  8-18. 
A  final  polish  grind  will  be  given  to  the  outer¬ 
most  surface.  Tolerances  of  ±  0,001  inch  may 
be  attained.  The  last  step  In  the  process  will 
be  the  post  cure. 

8-28.  Tooling 

Reference  81  Is  suggested  to  the  reader  for 
information  on  factors  usually  governing  the 
type  of  mold,  mold  materials,  and  the  design  of 
molds  for  various  processes.  In  radome  fab¬ 
rication  the  following  factors,  In  order  of  im¬ 
portance,  generally  dominate  In  mold  design: 
(1)  part  tolerances;  (2)  type  of  radome  wall  con¬ 
struction;  (3)  time  available  to  tool-up;  (4) 
quantity  to  be  produced.  Plaster,  wood,  plastic, 


Flgtin  S-l $,  Lty-Uy  *1  Ptktlt,  Mliill*  Rtdtmt  (By  ptmluln 
•I  McMillan  Itidvikhl  Ctrp.) 
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Flgura  t-lt,  Bluing  Lay-Up,  Mini  It  Radon m  (By  pamlltlcn 
*#  McMillan  IndvtMcl  Ctrg.l 


Flgan  8- 17.  Wiping,  Mini  It  Ra<km*  (By  potmlulan  *1 

McM Him  Mntrlal  Carp,) 


light  sheet  metal,  and  low  density  spray  metal 
molds  may  be  used  to  tool -up  quickly  if  the 
first  and  second  factors  permit.  However,  if 
the  quantity  to  be  produced  Is  so  substantial 
that  permanent  cast  or  spun  metal  molds  will 
be  required,  Interim  tooling  must  be  regarded 
as  an  extra  expense.  Since  part  quality  is  the 
primary  consideration  in  the  radome  market, 
product  users  generally  prefer  to  Invest  in 
accurate  permanent  tooling. 


Flgura  8*18,  Lothp  Grinding,  Mlttlla  Radem*  (By  pamlttlon 
el McMillan  Industrial  Carp,) 


Methods  of  mass  production  are  treated  in 
Reference  82.  Much  material,  published  for  the 
plastics  Industry,  is  available,  and  the  prospect¬ 
ive  radome  molder  should  evaluate  It,  bearing 
in  mind  the  special  requirement  that  large  parts 
are  to  be  molded  with  the  accuracies  usually 
specified  only  for  small  fittings. 

For  some  time  the  expense  and  the  long  tool- 
up  time  associated  with  matched  dies  confined 
their  use  to  foamed- in-place  molding.  The 
evolution  of  supersonic  aircraft  and  missiles 
has,  however,  brought  with  it  the  need  for 
radome  strength  plus  transmission  quality 
suited  to  high  accuracy  radar.  This  is  leading 
to  increased  use  of  solid  walls  and  matched 
dies  or  lathe  turning  methods. 

A  problem  In  fabrication  with  matched  dies  is 
that  of  maintaining  the  required  tolerances  in 
wall  thickness  in  the  scanned  area  of  the 
radome.  This  problem  is  difficult  to  solve, 
since  it  requires  extreme  accuracy  In  the 
preparation  and  machining  of  the  metal  molds 
used  In  fabrication.  Assume  that  steel  has 
been  machined  at  room  temperature  so  us  to 
give  a  cavity  with  a  constant  wall  thickness  of 
*0.006  inch,  which  is  no  mean  feat  for  large 
molds,  If  the  molds  are  heated  unevenly  to 
250°  F,  the  difference  in  wall  thickness  can 
theoretically  vary  another  0.010  Inch,  due  to 
the  difference  in  thermal  expansion  of  certain 
areas,  After  molding-in  this  error,  the  molded 
radome  will  shrink  another  few  thousandths  of 
an  Inch.  If  these  errors  are  accumulative,  It 
Is  conceivable  that  a  0.250-lnch,  solid-wall 
radome  could  vary  as  much  as  *  0.015  inch. 
One  method  of  overcoming  this  difficulty  ha3 
been  to  make  the  wall  thickness  oversize  and  to 
machine  the  glass-reinforced  laminate  wall  to 
the  desired  tolerances.  This  is  difficult  to 
carry  out  unless  the  radome  is  a  body  of  revolu¬ 
tion. 
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Figure  4-IP.  Lay-Up  el  Radon*  with  Glen  Fabric  end  E party 
Reeln  [By  parmlnlen  al  Goodyear  Altcteh  Cory,) 


The  low  density  core  sandwich  constructions 
will  remain  Important  In  the  ground  radar  field 
indefinitely,  and  will  continue  to  have  a  place  In 
the  aircraft  field  with  subsonic  aircraft  or  in 
low  load  areas  In  supersonic  use.  For  this 
reason  tooling  for  bag  molding  remains  In  the 
picture. 

Cast  or  spun  metal  molds  are  readily  steam - 
or  water-heated  with  Jacketing  or  electrically 
heated  with  colls.  Oven  heating  Is  less  satis¬ 
factory  but  may  be  employed.  Where  pressure 
must  be  added  to  the  effect  of  the  vacuum  bag  a 
steam  autoclave  Is  convenient  for  large_  parts, 
while  smaller  parts  may  be  pressurized  by 
capping  and  pumping  air  into  the  mold  cavity, 
the  laminate  being  protected  by  the  molding 
bag. 

Ovens  should  be  of  a  convection  type  capable 
of  operating  at  up  to  300°  F.  They  should  be 
equipped  with  vacuum  outlets  and  reasonably 
accurate  temperature  and  vacuum  gageB,  Auto¬ 
claves  should  be  capable  of  applying  00  pounds 
or  more  of  pressure. 

Metal  molding  cavities  may  be  of  spun  or  cast 
aluminum;  chrome-plated  steel;  electro-formed 
nickel  or  other  metal  which  gives  suitable  finish 
to,  and  parting  from,  the  molded  part.  The  sur¬ 
face  of  the  cavity  must  be  free  of  pits  or 
scratches  which  would  break  the  surface  film 
of  resin  on  the  radome.  It  must  be  checked 
periodically  for  contour  with  templates  and 
Jigs,  and  the  mold  itself  must  be  adequately 
supported  to  avoid  distortion, 


Cast  resin  and  other  types  of  molds  must  at 
least  temporarily  give  substantially  the  same 
end  result  as  metal  molds.  Glass  fabric  cav¬ 
ities  are  generally  laminated  with  heat-resis¬ 
tant  Dhennltr  nr  pnl van! ay  reslr.S  to  0  thickr.COO 
of  about  1/2  Inch.  The  lay-up  of  a  section  of 
a  large  radome  mold,  using  glass  fabrics  and 
epoxy  resin,  is  shown  In  Figure  8-19. 

Distensible  rubber  bags  are  generally  between 
1/16  and  1/8  inch  thick.  A  compound  commonly 
used  has  been  Tyer  Rubber  Company  No.  258. 
Non-dlstensihle  bags  may  be  of  Reynolds 
polyvinyl  alcohol  film  or  of  neoprene -coated 
fabric  such  as  DuPont  Fairprene  No.  5013. 

Spray  metal  process  construction  of  a  female 
die  for  bag  molding  is  Illustrated  in  Figure 
8-20.  The  metal  is  being  applied  directly  to  a 
mock-up  of  the  part. 

In  Figure  8-21  a  pressure-cast  aluminum 
female  die  Is  being  checked  with  an  assembly  of 
metal  templates.  Feeler  gages  are  fitted  be¬ 
tween  the  template  edges  and  the  die  surface. 

The  mounting  edge  of  a  radome  which  has  been 
clamped  Into  a  trim  fixture  is  being  diamond- 
wheel  ground  In  Figure  8-22. 


Figure  9— ID,  Spraying  Metal  an  Meld  Pattern  (By  parmlnlen  at 
Bromwich— Be  Ike-Col  lender) 


403 


Flgura  8—21,  Tamplailng  Praaaura-Caat  Aluminum  Ola  (By 
parmlitlon  of  McM/ffon  Industrial  Carp.) 


8-29.  Methods  of  Obtaining  Tolerances 

The  dependence  of  electrical  performance 
upon  the  tolerances  held  In  the  manufacture  of 
each  radome  leads  the  typical  molder  to  be 
keenly  Interested  In  methods  of  achieving  them. 
Quality  must  be  sought,  beginning  with  the  ob¬ 
taining  of  affidavits  from  the  suppliers  of  the 
starting  materials.  On  receipt,  and  again  fust 
before  use,  resins  should  be  checked  for  vis¬ 
cosity  and  freshness.  Cleanliness  must  be 
maintained  In  mixing  them  with  catalysts  and 
fillers.  Control  samples  of  proposed  laminates 
must  be  prepared  and  tested  for  dielectric  con¬ 
stant,  loss  tangent,  and  mechanical  properties. 
Often  the  molder  must  certify  that  he  has  con¬ 
ducted  such  tests  and  achieved  specification 
quality.  Figure  8-23  shows  an  interferometer 
for  use  from  -100  to  2,000°  F  for  dielectric 
constant  measurements. 

The  relative  resin-fabric-air  content  of  the 
laminate  directly  andprofoundly  affects  strength 
and  dielectric  values.  Pregelled,  impregnated 
glass  fabric  with  carefully  controlled  resin  con¬ 
tent  may  be  prepared,  but  usually  is  purchased. 
The  gelling  guards  against  resin  drainage  in  the 
laminate,  and  the  laminate  tends  to  be  void  free. 
Overlaps  in  lay-up  lead  to  thickness  buildups, 
sometimes  beyond  tolerance  limits. 

Honeycomb  core  material  must  be  skillfully 
cut  with  specialized  equipment  to  secure  thick¬ 
ness  accuracy.  Unless  the  molder  is  adequately 
prepared,  it  may  be  better  to  buy  honeycomb 
precut  by  the  supplier  to  the  desired  tolerance. 
In  Figure  8-24  honeycomb  is  being  checked  to 


a  1 0.005 -Inch  tolerance.  Gravity,  and  curing 
viscosity  effects,  work  against  the  uniform  ex¬ 
pansion  of  foamed-ln-place  core  materials. 

The  electrical  harm  Will  he  moot  rrttiral  »K»n 
the  foam  has  a  high  electrical  refractive  index 
because  of  metallic  loading.  The  loaded  core 
material  described  in  Reference  87  wee  de¬ 
signed  for  sucl  a  contingency. 

In  matched-die  molding,  accuracy  of  die  di¬ 
mensions  is  most  Important,  but  it  is  expensive. 

The  total  number  of  layers  of  fabric  must  be 
carefully  planned  in  bag  molding,  single-die 
techniques.  In  prototypes  a  skin  is  sometimes 
built-up  and  cured  to  nearly  the  desired  thick¬ 
ness,  and  a  layer  peeled  off;  then  a  carefully 
calculated  addition  of  final  layers  is  made. 
Careful  wiping  of  the  laid-up  pieces  of  fabric 
Insures  not  only  freedom  from  voids,  but,  by 
removing  excess  resin,  makes  the  total  thick¬ 
ness  more  nearly  a  constant  multiple  oi  the 
total  number  of  layers. 

Laminating  pressure  and  the  relative  humid¬ 
ity  of  the  molding  room  have  a  very  marked 
effect  on  thickness  and  strength.  When  the 
whole  radome  problem  has  been  placed  in  the 
molder' s  hands,  as  it  often  is,  his  electrical 
engineering  staff  should  avoid  narrow  banded 
designs  wherever  feasible. 

Internal  factors  also  control  the  effective 
electrical  thickness.  At  the  shorter  wave¬ 
lengths  the  sandwich  constructions  with  low 
dielectric  constant  cores  become  so  narrow 
banded  that  external  and  internal  thickness 
tolerance  become  very  tight  unless  exacting 
process  control  is  used.  The  layer  of  resin  1 
which  collects  on  the  inner  surface  of  each  skin 
tends  to  vary.  If  this  variation  is  excessive, 


Flgura  8-22.  Dlataaad  VSaal  Of  lad  lag  (By  pamlaataa  W 
S  runs  w  kk— Ba  Ik  •— < Co  llamdar) 
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Flgurn  8-2J.  WlJn  Ttmgnraturt  Rang a  Dlalnctrk  Conitant  IntgrfarcmHar  (By  p armliilon  o I  McMillan  Laboratory,  Inc.) 


electrical  performance  deteriorates  noticeably. 
Variations  In  core  density  have  a  similar  effect. 

Grinding  apparatus  plays  an  important  part  in 
radome  manufacture.  Bearing  surfaces  for 
attachment  to  fuselage,  or  ether,  mounting 
rings  must  often  meet  exacting  dimensional 
accuracy.  Accurate  grinding  may  (where  spec¬ 
ifications  allow)  be  a  vital  factor  in  the  control 
of  the  electrical  performance  of  areas  through 
which  the  radar  beam  passes.  The  rigidity  and 
precision  of  grinder  holders,  guldeB,  and  ref¬ 
erence  points  must  be  carefully  planned.  Me¬ 
chanical  and  optical  gages  capable  of  spanning 
large  distances  with  accuracy  are  available  In 
adequate  quantities  In  established  radome  mold¬ 
ing  plants.  A  multiple  thickness  gage  fixture 
can  be  seen  in  use  in  Figure  8-25. 


Thickness  gages  baaed  upon  various  physical 
principles  have  been  employed.  General  Elec¬ 
tric,  McMillan,  and  others  have  built  magnetic 
gages.  Radiation  counters  have  been  adapted  to 
the  purpose.  Microwave  thickness  gages  indi¬ 
cate  the  thickness  from  area  to  area  as  the 
radar  would  see  it.  For  this  reason  these  gages 
have  become  the  principal  control  factor  in 
several  radome  molding  organizations.  One 
such  gage  is  shown  in  Figure  8-26.  Their  ini¬ 
tial  success  has  led  the  Wright  Air  Development 
Center  to  sponsor  advances  In  their  design. 
Among  various  methods  of  correcting  wall 
thickness  variations  so  detected,  the  Boeing  Air¬ 
craft  Company  mechanized  application  of 
internal  compensating  patches  has  been  notable. 
MIL-R-7705A(ASG)  of  12  January  1955  requires 
test  range  electrical  inspection.  Figure  8-27 
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Flgvn  fl-24.  Controlling  Honeycomb  Core  Thlcknm  (By 
ftmlttion  0/  Bn  nwIcIc-Bolif-ColliuJot) 


Flguti  8-25.  Mu/f/p/e  Thlcknut  G*g*  Chick  (By  pirmtaatm 
of  BruflawItk-Bolki-CollinJir) 


shows  a  radome  mounted  over  an  AN/APS-20E 
on  a  CL-28  aircraft  mock-up  being  placed  upon 
a  test  tower  of  the  Air  Research  and  Develop¬ 
ment  Command  Ipswich  Antenna  Field  Station. 

8-30.  Inspection  Methods* 

Except  as  a  contractor  may  wish  to  conform  to 
and  exceed  military  specification  standards, 


•Radome  test  equipment  and  procedures  are 
treated  In  Chapter  12. 


Plyun  B-?4.  Wcnwart  Thkhntu  Cog*  (By  pomltihn  of 
MtbUllait  Laboratory,  Inc.) 


Flyura  8-27.  AH/APS-iOB  On  CL-UfUtb-Uy  at  CambtUya 
Rataarth  Cantor  Toot  Ranya  (By  yormlttloa  al  UtUllfan 
Inbuatrlol  Carp.) 
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MIL-R-7705A  (ASG)  of  12  January  1955  proves 
adequate  for  establishing  Inspection  methods. 
For  the  present,  microwave  thickness  gages,  di¬ 
electric  measuring  eauloment.  and  num«rmi« 
other  special  electrical,  mechanical, and  chem¬ 
ical  instruments  find  their  principal  roles  in 
process  control  as  meansofobtalnlngtnlorances 
in  preparation  for  final  inspection. 

Adequate  inspection  departments,  procedures, 
and  records  are  essential  factors  in  the  produc¬ 
tion  of  radomes  having  optimum  structural  and 
electrical  performance.  These  should  cover 
tooling,  Incoming  materials,  materials  in 
process,  curing  cycles,  and  the  complete 
radome.  All  are  highly  Important  to  the  quality 
of  the  finished  product. 

incoming  material  quality  can  be  assured  to  a 
considerable  extent  by  purchasing  materials 
from  reputable  manufacturers  under  affidavit 


that  they  comply  with  the  appropriate  military 
specification.  Routine  tests  should  be  per¬ 
formed  on  panels  made  up  with  incoming  lots  of 
fabric,  resin,  r.r.d  cors  uiaiei  i*ls.  Punei  tests 
should  also  be  performed  on  any  materials 
which  appear  questionable  during  subsequent 
processing. 

In-process  control  should  Include  dimensional 
checks  on  core  materials,  premoided  Inserts, 
and  other  components  as  well  as  Inspection  of 
manufacturing  procedures.  These  factors, 
perhaps,  contribute  the  most  to  the  performance 
of  the  finished  part. 

Inspection  of  the  finished  part  should  cover 
not  only  physical  dimensions  but  such  possible 
defects  as  blisters,  wrinkles,  lack  of  complete 
resin  cure,  and  non -uniformity.  Electrical 
and  environmental  performance  provides  the 
final  criteria. 


SECTION  G.  METHODS  OF  ATTACHMENT 


In  attaching  solid  or  sandwich  type  radomes 
to  the  exterior  of  various  aircraft,  the  designer 
usually  has  to  take  Into  account  the  fact  that  the 
radome  must  be  removable  for  easy  access  to 
the  scanner.  This  necessitates  the  use  of  me¬ 
chanical  fasteners  such  as  nuts  and  bolts  or 
Dzus  fasteners. 

Most  radome  housings  are  circular  or  ellip¬ 
tical  In  cross  section  at  the  point  of  attachment, 
so  the  use  of  a  large  number  of  nuts  and  bolts 
around  the  periphery  of  the  base  results  In  an 
attachment  that  Is  sufficiently  strong  to  with¬ 
stand  the  stress  and  moment  systems  Imposed 
by  even  the  largest  radome  housing. 

In  general,  there  ars  few  published  data  re¬ 
lating  the  relative  merit  strength  of  various 
types  of  fastening.  Figure  8-28  shows  sketches 
of  various  types  of  attachment  fittings  used  on 
the  base  of  sandwich  radomes.  The  reason  for 
using  an  aluminum  insert  at  the  root  of  the 
radome  Is  twofold:  to  transfer  the  loads  from 
the  aircraft  to  the  skins  of  the  sandwich  radome, 
and  to  overcome  the  general  low  bearing 
strength  of  the  glass-reinforced  laminate.  The 
extremely  high  compression  and  bearing  loads 
caused  by  drawing  up  on  nuts  and  bolts  are 
taken  by  the  various  types  of  metal  inserts 
shown  in  Figure  8-28. 


Generally  these  aluminum  Inserts  are  bonded 
between  the  glass-reinforced  skins  with  the 
same  type  of  resin  used  in  the  fabrication  of  the 
radome  skins.  The  surfaces  of  these  metal  in¬ 
serts  are  prepared  for  bonding,  usually  by 
alkali  cleaning  and  then  by  anodizing,  as  dis¬ 
cussed  In  paragraph  8-15. 

In  some  cases  the  metal  inserts  are  primed 
with  an  adhesive  primer  that  is  baked  on.  The 
particular  adhesive  desired  or  the  resin  used 
in  the  fabrication  of  the  radome  Is  brushed  on 
the  faying  surfaces  of  the  radome  skins  and  the 
metal  insert  and  the  assembly  are  cured  under 
heat  and  pressure  as  a  secondary  operation. 

The  mounting  holes  are  then  jig-drilled  In  the 
metal  insert,  so  that  the  radome  can  be  pre¬ 
cisely  positioned  on  the  aircraft. 

Basic  to  the  more  effective  use  and  application 
of  solid  and  sandwich  radome  construction  is 
the  need  of  design  criteria  covering  methods  of 
attachment,  under  various  conditions  of  support 
and  loading.  The  accumulation  of  design  data, 
however,  is  complicated  by  an  almost  unlimited 
number  of  possibilities  and  by  the  variety  of 
conditions  of  each  specific  application  with  re¬ 
spect  to  stress  and  loading. 
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Figure  8-28.  Sketchaa  of  Typical  Glaaa-Rainlatcad  Lamlnata  Sandwich  Radema  Conti  ruction*,  Showing  Vorlaua  Method*  of  Attachment 


SECTION  H.  FINISHES  FOR  RADOMES 


One  of  the  major  advantages  usually  given  for 
reinforced  plastics  Is  the  fact  that  they  do  not 
have  to  be  painted,  since  any  desired  finish  or 
color  can  be  added  to  the  resin  In  the  form  of  a 
pigment. 

However,  for  radomes  used  at  the  higher  fre¬ 
quencies,  the  addition  of  even  small  amounts  of 
pigment  tends  to  Increase  the  transmission  loss; 
therefore,  this  practice  Is  little  used  in  rein¬ 
forced  plastic  radome  materials. 

Finishes  for  radomes  are  usually  functional, 
In  that  they  are  used  to  protect  the  reinforced 
plastic  from  such  aircraft  chemicals  as  deicer 
fluids,  hydraulic  fluids,  or  fuels;  or  to  provide 
thermal  resistance  or  rain  erosion  resistance 
(Chapter  7).  In  other  instances  paints  are  used 
on  reinforced  plastic  parts  to  blend  in  with  the 
coloi  scheme  of  the  rest  of  the  aircraft. 

In  addition  to  the  fact  that  any  great  thickness 
of  protective  ooating  affects  the  transmission 
properties  of  radomes,  there  is  general  opposi¬ 
tion  to  the  use  of  paints  or  other  coatings  on 
reinforced  plastic  parts,  since  they  tend  to  hide 
blemishes  or  other  unsatisfactory  workmanship. 


On  visual  examination  most  plastic  reinforced 
laminates  in  the  "as-molded"  state  appear  to 
have  a  smooth  continuous  resin  surface,  since 
the  clear  resin  does  not  tend  to  show  any  dis¬ 
continuity.  However,  if  low-pressure  molded, 
reinforced-plastlc  parts  are  sprayed  with  a 
pigmented  lacquer  or  enamel,  small  voids  or 
discontinuities  in  the  surface  of  the  laminate 
can  be  seen  immediately.  These  discontinui¬ 
ties  or  small  voids  of  microscopic  Bize  are 
located  at  the  junction  of  the  crossing  yarns  in 
the  woven  fabric.  In  general,  the  larger  the 
weave  the  larger  are  the  small  discontinuities 
in  the  resin  on  the  surface  of  the  laminate.  In 
most  instances  this  condition  is  eliminated  by 
the  use  of  one  or  two  layers  of  fine  weave 
fabrics  (such  as  112,  116,  or  120)  on  the  sur¬ 
face.  Another  approach  to  this  problem  is  to 
use  a  pre- gelled  resin  coating  on  the  surface  of 
the  mold  or  to  use  a  paper  or  mat  overlay, 
which  tends  to  hold  more  resin  on  the  surface. 
These  two  procedures,  however,  tend  to  pro¬ 
duce  a  resin-rich  surface  which  In  extreme 
cases  results  in  the  formation  of  small  cracks 
on  the  surface  of  the  laminated  part  after  it 
has  been  exposed  to  weather  or  extremes  of 
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temperature.  These  small  cracks  tend  to  pick 
up  moisture  and  destroy  the  electrical  proper¬ 
ties  o(  the  radome,  and,  therefore,  this  practice 
has  not  gained  great  favor. 

In  most  cases  when  the  radomes  are  to  be 
painted  or  coated  with  a  rain-erosion  resistant 
material,  the  surface  of  the  radome  is  sanded, 
and  these  smalt  surface  voids  are  filled  with  a 
lacquer  or  enamel  filler,  or  with  putty  applied 
with  a  rubber  squeegee.  After  the  filler  has 
dried,  the  surface  of  the  radome  is  again 
sanded,  and  a  primer  is  sprayed  on. 

Two  fillers  or  putties  that  have  been  tested 
and  are  currently  used  almost  universally  are 
Duratite  filler  from  Webb  Products  Company, 
and  Fllaplast  P-24  from  Brooklyn  Varnish  Man¬ 
ufacturing  Company.  The  primer  or  surfacer 
that  is  used  to  a  great  extent  in  the  industry, 
since  it  was  developed  primarily  for  polyester  ' 
laminates,  is  Primer  Surfacer  P-40  from 
Brooklyn  Varnish  Manufacturing  Company. 
There  is  no  specification  covering  these  ma¬ 
terials.  Generally  the  primer  is  never  over 
one  mil  thick.  The  function  of  the  primer  is  to 
make  the  plastic  part  very  smooth  and  to  im¬ 
prove  the  adhesion  of  the  lacquer  or  enamel 
to  the  surface. 

A  lacquer  is  essentially  a  solvent  solution  of  a 
thermoplastic  resin,  with  or  without  pigment. 
It  dries  solely  by  solvent  evaporation.  Many 
lacquers  air-dry  rapidly.  The  dryfllm  consists 
simply  of  the  original  thermoplastic  resin. 
Common  film-formers  arc  the  polymers  of 
cellulose  nitrate,  cellulose  acetate,  ethyl  cellu¬ 
lose,  methyl  methacrylate,  vinyl  chloride,  and 
vinyl  acetate. 

An  enamel  is  essentially  a  solvent  solution  of 
a  thermosetting  material,  usually  with  pigment 
to  give  the  required  color. 

Evaporation  of  solvent  leaves  a  relatively  soft 
film  which  must  then  be  oxidized  to  form  a 


hard,  durable  film.  Enamel  films  generally  have 
higher  gloss  and  higher  hardness,  and  have 
greater  outdoor  durability  and  solvent  resis¬ 
tance  than  lacquer  films. 

An  important  factor  in  proper  paint  selection 
is  the  type  of  service  required  of  the  applied 
film.  For  outdoor  exposure,  pigmented  nitro¬ 
cellulose  lacquers  or  alkyd  enamel  paints  are 
generally  required  for  adequate  resistance  to 
weathering, 

The  lacquers  used  on  plastic  and  metal  air¬ 
craft  parts  meet  MIL-L-717B.89  The  enamels 
used  meet  MIL-E-5556.90 

Probably  the  most  widely  used  coating  on 
radomes,  however,  is  a  neoprene  rubber  coat¬ 
ing,  meeting  MIL-C-7439B,  used  to  prevent 
rain  erosion  of  the  plastic  laminate .91 

At  subsonic  speeds,  plastic  laminates  are 
rapidly  eroded  by  even  light  rainfall.  An  un¬ 
coated  radome  may  be  completely  eroded  In  a 
few  minutes.  To  reduce  the  erosion  of  radomes, 
both  Goodyear  Tire  and  Rubber  Company  and 
Gates  Engineering  Company  have  developed 
neoprene  rubber  coatings  that  may  be  applied 
to  exterior  surfaces  of  plastic  parts;  these 
coatings  give  a  decided  increase  in  life  expec¬ 
tancy,  as  discussed  in  Chapter  7. 

On  aircraft  flying  at  high  speeds  through 
humid  atmospheres,  very  high  electrostatic 
charges  are  built  up  on  the  surface  of  the 
radomes.  From  time  to  time  the  potentials 
become  high  enough  to  cause  discharge  by  arc¬ 
ing.  In  these  cases,  electromagnetic  radia¬ 
tion  is  sufficient  to  reduce  the  efficiency  of 
communication  systems  of  the  aircraft,  as  well 
as  of  the  direction  finders  and  other 
vital  equipment,  to  almost  zero.  A  conductive 
coating  is  used  to  prevent  this  static  charge 
buildup.  This  coating  is  usually  of  the  same 
base  as  the  raln-eroston  resistant  coatings  and 
meets  the  same  specif  icatlon.91 


GLOSSARY 


Accelerator.  A  chemical  compound  or  sub- 
stance  which,  when  added  to  a  catalyzed 
synthetic  resin  in  minute  amounts,  hastens 
the  polymerization  or  hardening  of  the  resin. 

Alkyd.  A  synthetic  resin,  consisting  principally 
westers  formed  from  alcohol  and  acids, 
such  as  ethylene  glycol  and  maleic  acid. 


Alkyd  trlallylcyanurate  copolymer.  The  prod- 
uct  formed  from  the  polymerization  of  an 
alkyd  resin  and  trlallylcyanurate  monomer, 


Anodize.  The  formation  of  an  aluminum  oxide 
film  on  aluminum  alloy  by  chemical  and/or 
etectrlcat  methods. 
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Autoclave.  A  cylindrical  ateel  vessel  which  is 
built  so  that  It  can  withstand  high  pressures. 
In  laminating,  the  resin-impregnated  glass 
cloth  is  laid  up  on  a  mold  and  this  assembly 
IS  put  into  tile  cylinder.  Heal  and  pruumiic, 
usually  in  the  form  of  steam,  are  then  in¬ 
troduced  into  the  cylinder,  which  forces  the 
laminate  to  conform  to  the  mold  contour  and 
simultaneously  hardens  the  laminate. 

Bag.  A  flexible  cover  through  which  molding 
pressure  is  exerted  through  the  application  of 
air  pressure  on  one  side  and/or  the  drawing 
of  a  vacuum  on'  the  other. 

Catalyst.  A  chemical  that  initiates  or  aidB  in  a 
chemical  reaction  without  taking  part  In  the 
reaction  or  undergoing  change  itself. 

Caul.  A  metal  plate  used  in  a  press,  usually 
with  a  very  smooth  surface  that  gives  a  plas¬ 
tic  laminate  a  very  high  sheen. 

Copolymer,  A  substance  formed  by  the  simul¬ 
taneous  polymerization  of  two  or  more 
monomers  and/or  polymers. 

Cure.  The  terms  cure,  polymerize,  or  harden, 
as  applied  to  resins,  are  used  to  describe  a 
process  in  which  a  monomer  or. polymer  is 
converted  from  a  liquid  or  semlsolid  into  a 
substance  of  higher  molecular  weight  and 
different  physical  properties,  usually  by  the 
addition  of  heat  or  chemicals, 

Dielectric  constant.  Electromagnetic  wave 
permittivity.  Wfien  an  electrical  charge  Is 
placed  In  a  homogeneous  electric  field,  the 
force  which  acts  upon  it  is  proportional  to 
the  charge  and  to  the  magnitude  of  the  field, 
the  Inverse  of  the  proportionality  being  the 
dielectric  coAutint  times  another  constant 
factor  which  depends  upon  the  system  of  units 
used. 

Dielectric  material.  A  material  which  can 
react  by  molecular  mechanism  to  an  electric 
field  because  It  contains  electric  charge 
carriers  that  can  be  displaced;  in  radome 
construction,  commonly  thought  of  as  a  ma¬ 
terial,  usually  nonmetalllc,  through  which  a 
wave  may  be  propagated. 

Dzus  fastener,  A  quick  acting,  aircraft  type 
fastener  produced  by  Dzuu  Fastener  Company. 

Electrical  thickness.  The  number  of  wave- 
lengths  in  a  layer  of  material. 


Epoxy.  A  group  of  synthetic  resins  based 
usually  upon  eplchlorohydrin  and  apolyhydroxy 
compound. 

trU.inwAM  A  •Mthkaw  .  I(Va  npnHunt  fnwmnH  hu 
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the  polymerization  or  vulcanization  of  cnem- 
leal  substances. 

Faying  surfaces.  In  aircraft  any  two  metal  sur- 
faces  that  overlap. 

Flash.  Excess  plastic  material  which  forms  at 
the  parting  line  of  a  mold  during  molding,  and 
which  usually  muBt  be  removed  from  the  fin¬ 
ished  article. 

Gel.  A  somewhat  get -tike,  generally  trans¬ 
parent,  liquid-solid  resin  system,  in  which 
the  resin  hae  partially  polymerized  but  has 
not  become  hard  or  rigid. 

Gelation  time.  The  time  required  for  a  given 
quantity  of  catalyzed  resin  to  form  a  gel. 

Laminate.  To  unite  sheetB  of  material  by  resin 
under  heat  and  pressure.  For  example, 
sheets  of  glass  cloth  Impregnated  with  a  res¬ 
inous  composition. 

Lay-up.  The  process  of  placing  the  reinforced 
resin-impregnated  glass  cloth  or  matin  posi¬ 
tion  in  the  mold. 

Losb  tangent.  An  absorption  coefficient,  the  di- 

""  electric  loss  tangent  or  dissipation  factor; 
when  the  losses  are  low,  power  factor. 

Polyester,  Generic  term  referring  to  a  resin 
composed  of  an  organic  acid  and  alcohol 
esterified  and  then  polymerized  to  form  a 
solid  called  a  polyester,  Usually  used  to 
refer  to  a  resin  comprising  unsaturated 
polyesters  capable  of  croBB-ltnking  to  con¬ 
vert  into  a  substantially  infusible  and  insol¬ 
uble  product, 

Polymerization,  A  chemical  process  usually 
resulting  in  the  formation  of  a  rigid  plastic 
material  whose  molecular  weight  is  a  mul¬ 
tiple  of  that  of  the  original  substance. 

Polyurethane ,  A  polymerized  urethane  gener- 
ally  formed  by  reaction  of  an  isocyanate  with 
a  resin  containing  active  hydrogen. 

Post-cure.  Some  glass-reinforced  laminate 
parts  are  given  a  preliminary  cure  in  the 
press  or  oven  usually  at  a  relatively  low 
temperature,  The  laminates  are  then  re- 
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moved  from  the  mold  and  are  placed  In  an 
oven  usually  at  a  higher  temperature  to  com- 
yleie  iiie  cure  or  polymerization  ot  the  reBin, 
This  additional  baking  Improves  the  physical 
properties  of  the  laminate,  especially  for  a 
high  temperature  environment. 

Pot  life.  The  period  of  time  during  which  a 
resin  will  remain  fluid  and  usable,  after  the 
addition  of  a  hardener,  catalyst,  or  catalyst- 
promoter  combination. 

Preform.  A  premolding  or  agglomeration  of 
the  reinforcing  material,  usually  by  precipi¬ 
tation  or  light  pressure,  prepared  for  effi¬ 
cient  handling  or  loading  of  a  mold. 

Resol.  Thermosetting  resins,  usually  phenol- 
formaldehyde,  at  intermediate  stage  of  reac¬ 
tion  where  they  soften  when  heated  and  swell 
in  contact  with  liquids. 


Set-up.  To  harden  or  to  become  rigid,  as  in 
polymerizing  or  curing. 

Thermoplastic.  The  property  of  softening  under 
heat.  A  plastic  that  will  become  soft  under 
heat. 

Thermosetting,  The  property  of  undergoing  a 
chemical  change  when  heated,  whereby  a 
hardened  product  Is  obtained.  Once  the  resin 
becomes  hard,  It  will  not  soften  appreciably 
under  heat. 

Trlallylcyanurate,  The  allyl  ester  of  cyanuric 
acid  capable  of  cross-linking  to  form  a  solid 
resin. 

Viscosity.  Internal  friction  or  resistance  to 
flow  of  a  liquid.  The  constant  ratio  of  shear¬ 
ing  stress  to  rate  of  shear  usually  Is  meas¬ 
ured  In  poises. 


REFERENCES 


1.  Goggin,  W.  c.,  and  Bradshaw,  R.  R.  Poly¬ 
fiber,  A  New  Approach  to  Molding  Modern 
Plastics,  21,  101,  July  1944. 


2.  Hopper,  F.  C.  High  Strength  Epon  Lami¬ 
nates.  Wright  Air  Development  Center  Tech¬ 
nical  Report  52 -5.  January  ltfEST'Supplement 
1,  September  1952,  Supplement  2,  October 
1953,  Supplement  3,  October  1954. 

3.  Plastic  Materials,  OlasB  Fabric  Base,  Low 
Pressure  Laminated.  Military  Specif  lea  - 
tlon  MIL-P-8013A,  January  1954, 

4.  Werren,  F.  Effects  of  Fabric  Finish  and 
West.  Exposure  on  Strength  Properties  o7 
Glass  Cloth  Polyester  Laminates.  Wright 
Air  Development  Center  Technical  Report 
No.  53-483,  1953. 

5.  Blefeld,  L.  P.,  and  Philippes,  T.  E.  Fin¬ 
ishes  for  Glass  Fabrics  for  Reinforcing 
Polyester  Plastics.  Industrial  Engineering 
Si  Chemistry  1953.  45. 

6.  Bjorksten,  J.,  Yeager,  L.  I.  Vinyl  Silane 
Sizes  for  Glass  Fabric.  Modern  Plastics 
1952.  “29.  July  1952. 

7.  Steinman,  R.  Improvement  of  Wet  Strength 
of  Reinforced  Plastics  by  ~0aran  FinlshT 
Modern  Plastics  1951.  3-29 


8.  Erikson,  P,,  Sliver,  I.,  and  Perry,  H.  A. 
Universal  Type  Chemical  Finishes  for 
Glass  Fibers  Used  in  Reinforced  Plastics. 
American  Chemical  Society  125th  Annual 
Meeting. 

9,  Finish,  Glass  Fabric,  for  Reinforced 
Wasilc  Laminates,  Military  Specification 
MIL-F-9li875ecember  1953. 

10.  Elckner,  H.  W,  Adhesive  Bonding  Proper¬ 
ties  of  Various  ~  Metals  as  Affected  by 
Chemical  aniT  Anodizing  Treatments  of  the 
Surface,  Fo rest  Products  Laboratory  Re  - 
port  1542,  April  1954. 

11.  Adhesive,  Aircraft  Structural,  Metal  to 
Metal,  Military  Specification  MIL-A-8331, 
June  1953. 

12.  Black,  J.  M.,  and  Blomqutst,  R.  F.  Devel¬ 
opment  of  Metal  Bonding  Adhesive  FPL-710 
WltH'Imp  roved  Heat  Resistant  Properties, 
N.A.C.A.  RM  52F19,  1952. 

13.  Black,  J.  M. ,  and  Blomqulst,  R.  F.  Devel¬ 
opment  of  Metal  Bonding  Adhesives  With 
Improved  Heat  Resistant  Properties.  N.A. 
C.A.  RMT4  Ml,  195"4.  Modern  Plastics 
32,  139,  December  1954. 

14.  Investigation  of  Methods  of  Inspecting  Bonds 
BeIween~Cores  and  Taces  of  Sandwich 
Panels  of  the  Aircraft  Type.  Forest  ProcT- 
ucts  Laboratory  Report  1569,  September 
1947. 


411 


REFERENCES  (Cont) 


15.  Fabrics.  Woven  Glass,  Finished,  for  Plas¬ 
tic  Laminates.  Military  Specification  M3L- 
F-9084. 

. 

10.  houman,  K.k.  ueveiopment  ol  Low-Pres¬ 
sure  Laminates  at  Glass  Fabrlc~and  Sili^ 
cone  Resins.  USAF  Technical  Report  No. 
6223  and  Supplement  l,  May  1953. 

17,  ReBln, Silicone,  Low-Pressure  Laminating. 
Military  Specification  MIL-R-25500,  June 
1956. 


18.  Plastic  Materials.  Low  Pressure  Lamina¬ 
ted,  Glass  Fiber  Base, Silicone  Resin.  Mil¬ 
itary  Specification  MIL-P-25516. 

19.  Koretitz,  M.  N.  Development  of  High 
Strength -Heat  Resistant" phenolic  Lamina¬ 
ting  Resin.  Wright  Air  Development  Cen¬ 
ter  Technical  Report  52-161,  July  1962, 


20.  Plastic  Materials,  Qlass  Fiber  Base  — 
Phenolic  Resin,  Low  Pressure  Laminated, 
Military  Specification  M1L-P-25515. 


21.  Wahl,  N.  E.,  and  Preston,  Harold  M.  In¬ 
vestigation  of  Heat  Resistant  Polyester 
Laminates.  Wright  Air  Development  Cen- 
ter  Technical  Report  55-342,  August  1955. 

22.  Resin,  Polyester.  High  Temperature  Re¬ 
sistant,  Low  Pressure  Laminating,  Mili¬ 
tary  Specification  MIL-R^25042,  May  1955. 

23.  Nelb,  R.  0.;  Alexander,  C.  H.,  and  Elliot, 
P.  M.  Heat  Resistant  Laminating  Resins, 
USAF  Technical  Report  No.  8d0j,  1952, 

24.  Botwlck,  M,,  Cummings,  W.,  and  Elliot,  P. 
Polyester  Heat  Resistant  Laminating 
Resins,  Wright  Air  Development~Center 
Technical  Report  53-371  and  Supplement 
1,  1953. 

25.  Wler,  J.  E.,  and  Pons,  D.  C,  Flexural 
Tests  of  Structural  Plastics  at  Elevated 
Temperatures.  Wright  Air  Development 
Center  technical  Report  53-307,  1953, 

26 .  Plastic  Materials,  Heat  Resistant,  Glass 
Fiber  Base,  Polyester  Resin,  Low  Pres¬ 
sure  Laminated.  Military  Specification 
M1L-P-25395,  June  1956. 

27.  Structural  Honeycomb  for  Sandwich  Con¬ 
struction  ,  Hexcel  Product's  Company, 
Brochure  C,,  December  1952. 


28.  Norris,  C.  B.  An  Analysis  of  the  Com¬ 
pressive  Strength  of  Honeycomb  Cores  for 
Sandwich  Construction,  N.  A.  C.  A.  Tech¬ 
nical  Note  1251,  1947. 

29.  Ringelstetter,  L.  S.,  Voss,  A.  W.,  and 
Norris,  C.  B.  Effect  of  Cell  Shape  on  Com¬ 
pressive  Strengt h  of  Hexagonal  Honeycomb 
Structures,  N'iA.C.A.  Technical  Note  2243, 
1950. 

30.  Voss,  A.  W.,  and  Norris,  C.  B.  Crr  jp 
Tests  of  Sandwich  Constructions  Subjer  ted 
to  Sliear  at  Normal  Temperatures.  Fc  vest 
Products  Laboratory  Report  1  ft06 ,  1949. 


31.  Werren,  F.  Shear-Fatigue  Properties  of 
Various  Sandwich  Constructions,  Forest 
Products  Laboratory  Report  No,  1637,  1952. 

32.  Werren,  F.,  and  Norris,  C.  B.  Analysis 
of  Shear  Strength  of  Honeycomb  Core  b  for 
Sandwich  Constructions.  N.A.C.A.  Techni- 
cal  Note  2208,1550. 

33.  Ericksen,  v'  t;,(  anc|  March,  H.  W.  Com- 

Sresslve  ruckling  of  Sandwich  Panels 
lying  Facings  of~17ne'quaF~Thickheas7 
Forest  Products  Laboratory  Report  No. 
15B3-B,  1950. 

34.  Kuenzi,  E.  W.,  and  Ericksen,  W.  S.  Shear 
Stability  of  Flat  Panels  of  Sandwich  Con¬ 
struction.  Forest  Products  Laboratory 
■Report' No.  1560,  1951. 

35.  Norris,  C.  B.,  and  Boiler,  K.  H.  Wrinkling 
of  the  FaclngB  of  Sandwlch  Constructlon 
Subjected  to  Edgewise  Compression, 
Forest  Products  Laboratory,"  No.  1 6l‘0 , 
November  1949. 

36.  Kuenzi,  E.  W.,  Flexure  of  Structural  Sand¬ 
wich  Construction.  Forest  Products  Lab¬ 
oratory,  No.  1829, “December  1951. 

37.  Kuenzi,  E.  W.  Edgewise  Compressive 
Strength  of  Panels  and  FlatwlBe~Fiexural 
Strength  of  o trips ' of  Sandwich  Construc¬ 
tions.  Forest  Products’TTaboratory,  No. 
1827,  November  1951. 


38.  Methods  of  Test  for  Determining  Strength 
Properties  of~<?ore  Material  for  Sandwich 
Construction  at  Normal  Temperatures. 
Forest  Products  Laboratory  Report  1555, 
September  1950. 


412 


REFERENCES  (Cont) 


39.  Methods  for  Conducting  Mechanical  Tests 
oLSiUidwtch  Construction  at  Normal  Tcm- 
peratures.  Forest  Products  Laboratory 

Tvrrrrrmo  r-_* . .  to"'.'' 


vc.ja/4  i  tui/u,  I  truiuaty 


50.  McMillan,  E.  B.,  et  al.  Dielectric  Wall  fur 
Transmission  of  Centimetrlc  Radiation. 
U.S.  Letters  Patent  No.  2,659,884,  3  August 


40.  Heeblrik,  B. ,  Werren,  F.,  and  Mohaupt,  A, 
Effects  of  Certain  Fabricating  Variables  on 
Plastic  Laminates  and  Plastic  HoneycomE 
Sandwich  Construction.  Forest  Products 
Laboratory,  No.  1843. 

41.  Supplement  to  Repair  of  Aircraft  Sandwich 
Construction,  Foresf  Products  Laboratory 
Report  1584-A. 

42.  Core  Material;  Laminated  Glass  Fabric 
Base  Plastic  Honeycomb.  Military  Specifl- 
cullon  MIL-1205'6,  19497" 

43.  Foamed-in- Place,  Alkyd-Isocyanate  Type 
Core  Material,  for"  Aircraft  77  Missile 
Structural  Applications.  Military  Specifi¬ 
cation  MIL-C-8087. 

44.  Sandwich  Construction,  Plastic  Resin. 
Glass  Fabric  Base,  Laminated  Facings  and 
Alkyd- Isocyanate  Foamed-ln-Place  Co7e| 
for  Aircraft  Structural  Applications.  MIP 
ltary  Specification  M1L-S-2&3&2. 

45.  Wahl,  N.  E,,  Preston,  H.  M.,andCampagna, 
P,  J.  Development  of  Heat-Resistant 
Foamed- In-Place  Dielectric  Core  Mater¬ 
ials  for  Sandwich  ttadomes.  Wright  Air 
Development  Center  Technical  Report 
54-249,  March  1954. 

46.  Weyer,  D.  E.,  Ressell,  J.  R.,  and  Hoffman, 
K.  R.  Development  of  a  Heat  Resistant 
Foamed-ln-Place  Low  "Penalty  Silicone 
Resin  Core  Material.  Wright  Air  bevcH- 
opment  Center  Technical  Report  53-146, 
Supplement  1,  August  1954, 

47.  Laboratory  for  Insulation  Research. 
Tables  of  Dielectric  Materials.  Vol.  IV, 
Massachusetts  Institute  of  Technology, 
O.  N.  R.  Contracts  NBori  —  07801  and 
07858,  January  1953. 

48.  Webber,  A.  H.,  Jr.,  editor.  A  Study  of 
Broadbanding  Techniques.  McMillan  Lab¬ 
oratory,  Inc”,  Final  Report,  Air  Material 
Command,  Contract  AF33(600)-28749,  31 
January  1956. 

49.  Webber,  A.  H.,  Jr.  A  Study  of  Broad- 
banding  Techniques.  Proceedings  of  the 
Wright  Air  I5SFsIopment  Center,  Ohio 
State  U.  Radomc  Symposium,  Wright  Air 
Development  Center  Technical  Report 
56-393,  August  1956. 


51.  Wheeler,  H.  A,  High  Frequency  Electro¬ 

magnetic  Wave  Translating  Element,  U.S. 
Letters  Patent  No.  l!TTunel950. 

52.  Von  ilippel,  A.  R,,  Westphnl,  W.  B.,  and 
Miles,  P.  A.  Dielectric  Analysis  of  Ferrites 
and  Their  Appraisal  as  Radome  Materials. 
Laborato ry  for  Insulation  Research, ~Mu ss  - 
achusetts  Institute  of  Technology,  Wright 
Air  Development  Center  Contract  AF33(616) 
-2191. 

53.  Slater,  J.  C.  Introduction  to  Chemical 
Physics.  McGraw-Hill  Book  Company,  Inc,, 
1939. 

54.  Von  Hlppel,  A.  H,  Dielectrics  and  Waves. 
John  Wiley  and  Sons,  Inc,,  New  York,  1954, 

55.  Blair,  G.  R.  High  Temperature  Dielectric 
and  Loss  Tangent  Measurements.  Proceed 
ings  of  the  Wright  Air  Development  Center, 
Ohio  State  II.  Radorne  Symposium,  Wright. 
Air  Development  Center  Technical  Report 
56-393|  August  1956. 

56.  McMillan,  E.  B.  The  Influence  of  Large  In- 
Flight  Temperature  Changes  on  the  Elec¬ 
trical  Design  of  MIbsIIc  Radomea,  Pro- 
coodlngs  of  the  Wright  Air  Development 
Center,  Ohio  State  U.  Radome  Symposium, 
Wright  Air  Development  Center  Technical 
Report  56-393,  August  1956. 

57.  Worthington,  H.  R.,  Jr.  Improvement  of 
Radome  Performance  hy  "Means  of  Metal 
Grids,  Pages  106-116,  Vol.  II,  Proceed- 
Inga  of  the  Wright  Air  Development  Center, 
Ohio  State  U.  Radome  Symposium,  June 
1955. 

56.  Jones,  E,  M.  T.,  Cohn,  S,  B.,and  Robinson, 
L.  A.  Wlde-Band  Radomes  Matched  by  Re¬ 
active  Walla.  Vol,  I.  Proceedings  of  the 
Wright  Air  Development  Center,  Ohio  State 
U.  Radome  Symposium,  pp.  52-67,  June 
1955. 

69.  Werren,  F.  Mechanical  Properties  of  Plas¬ 
tic  Laminates.  Forest  Products  Lab.  Re¬ 
port  1820,  February  1951. 

60.  Werren,  F.,  and  Freas,  A.  D.  Mechanical 
Properties  of  Cross- Laminated  and  Com¬ 
posite  Glass -Fabric -Base  Plastic  Lamin¬ 
ates.  forest  Products  Lab.  Report  1821". 
February  1951. 


413 


REFERENCES  (Cont) 


61.  Werren,  F.  Mechanical  Properties  of  Plas¬ 
tic  Laminates,  U,S.  Forest  Products  Lab. 
Report  No  ifl?n  o «<j  Supplement  A,  1333. 

62.  Jones,  C.  D.  Properties  of  Glass- Fabric 
Reinforced  Low- Pressure  Laminates,  U.S. 
Air  Force  Technical  Report  No.  6748,1946, 

63.  Long,  J.  K.  The  Effect  of  Outdoor  Expos¬ 
ure  on  Flexural  and  Other  Properties  of 
Some  Plastic  Materials.  U.S,  Air  Force 
Technical  Report  No.  5698,  1948. 

64.  O'Brien,  F.  R.  Investigation  of  Thermal 
Properties  ot  Plastic  Laminates.  Wright 
Air  Development  Center  Technical  Report 
54-306,  Part  I,  1964. 

65.  Aallrod,  B.  M.,  and  Sherman,  M.  A.  Flex¬ 
ural  Properties  ot  Some  Glass-Fabrlc- 
Ba3e  Elastic  Laminates  at  Elevated  I’em- 
peratures.  U.S.  Air  Force  Technical  Re- 
poFT5M57 1960. 

66.  Simmons,  W.  F.,  and  Cross,  H.  C.  Eleva¬ 
ted _ Temperature  Properties  ot  Glass- 

Fabrlc-Base  PUitTcTamlnatos.  U.S.  Air 
Force  Technical  Report  No.  6172,  1951. 

61.  Vanecho,  J.,  Remely,  G.  R.,  and  Simmons, 
W.  F.  High-Temperature  Creep- Hupture 
Properties  of  Glass-Fabric  Plastic  Lam¬ 
inates.  Wright  Air  Development  Center 
Technical  Report  53-491,  1953. 

68.  O’Brien,  F.  R.  Investigation  of  Thermal 
Properties  of  Plagil'c  Larn Inalea^  Wright 
Air  Development  Center  Technical  Report 
54-306,  Part  I,  1954. 

69.  Erickson,  E.  C.,  and  Norris,  C.  B.  Tensile 
Properties  of  Glass- Fabric  Laminates  with 
Laminations  Oriented  In  AnyWay.  Forest 
Products  Lab.  Report  No.  1853,  November 
1955. 

70.  Plastics  for  Aircraft.  ANC  -17  Bulletin, 
fune  1086.  frsued  by  Department  of  the  Air 
Force,  Department  of  the  Navy,  and  Depart¬ 
ment  of  Commerce. 

71.  Silver,  I.,  and  Erickson,  P,  W.  Improved 

Reinforced  Plastics  with  the  Universal 
Type  Chemical  Finish,  NOL-24.  NOL  Re¬ 
port,  February  i&'B'S  - 

72 .  Fontana,  M.  0. ,  Bishop,  3,  M. ,  and  Spretnak , 
l  w.  Mtchanlfiii  Prpperti^  ofMytaie  md 
Plastic  Laminates  at  Low  Temperatures, 
Wright  Air  IJevelopmenl  Center  Technical 
Report  5662,  Part  V,  1953. 


73.  George,  D.  A.,  Baker,  H.  A.,  and  Sleffert, 
L,  E.  Impact  Strength  of  Some  Thermos«»- 
iing  Plastics  at  Low  Temperatures.  ASTM 
Bulletin  No.  181,  April, 1952. 

74.  O'Brien,  F.  R.  Investigation  of  Thermal 
Properties  of  Plastic  Laminates.  Wright 
Air  Development  Center  Technical  Report 
54-306,  Part  I,  1954. 

75.  ReBln,  Low  Pressure  Laminating.  Military 
Specification  MIL-R-7575A,  27  April  1953. 

76.  Sandwich  Constructions  and  Coie  Materials: 
General  Test  Methods.  Military  Specifica¬ 
tion  MIL-STD-401,  3  July  1952. 

77.  Mechanical  Test  Procedures  for  Radomes 
and  Ra  dome  Materials.  Aircraft  Industries 
Association,  ATC  Report  No.  ARTC-3,  July 
1951. 

78'  Test  Methods  for  Structural  Plastic  Lam¬ 
inates  at  Low  Temperatures  and  at  Eleva¬ 
ted  Temperatures.  Aircraft  Industries 
Association,  ATC  Report  W-64,  June  1954. 

70.  Werren,  F.  and  Heebink,  B.  G.  Effect  of 
Defects  on  the  Tensile  and  Comoresslvo 
Properties  of  a  Olass-Fabrlc-Base  Plas¬ 
tic  Laminate!  Forest  Products  Lab.  Re- 
port  No.  1814,  June  1950. 

80.  Leaderman,  H.  Radotne  Materials  and 
MBthodP  Of  FflbrlCAtlnn,  Chapter  13, 
Radar  Scanners  and  Radomes,  Vol.  26, 
Radiation  Laboratory  Series,  McGraw-Hill 
Book  Company,  Inc.,  1948. 

81.  Sonneborn,  R.  H.,  Dietz,  A.  G.  H.,  and 
Heyser,  A,  S,  Fibnrglass  Reinforced  Plas¬ 
tics.  Reinhold  Publishing  Corporation, 
N.  Y.  C,,  1954, 

82.  Morgan,  P,,  editor.  Glass  Reinforced  Plas¬ 
tics.  Philosophical  Library,  Inc.,  N.Y.C., 
1954. 

83.  The  Society  of  the  PlaBtlcs  Industry,  Inc, 
blast  lea  Engineering  Handbook-,  Heinhold 
Publishing  Corporation,  N.  Y,,  1954. 

84.  Duplsgs,  E.,  and  Pace,  H.  A.  Foaming-ln- 
Place  of  Alkvd  Resins  for  Sandwich 
Radomes.  Report  GER  4097,  Goodyear 
Aircraft  Corporation,  Air  Materiel 
Command  Contract  W33-038  ac  1522B,  22 
December  1949. 


414 


REFERENCES  (Cont) 


85.  Duplaga,  E.,  and  Pace,  H.  A.  Foamlr.g-tn- 
Place  of  Alkyd  Resins  for  Sandwich 
Radomes.  Report  GER  2423  Sunnlemsnt  Tt 
Goodyear  Aircraft  Corporation  Air  Ma¬ 
teriel  Command  Contract  W33-038  ac 
15228,  15  October  1952. 


88.  Duplaga,  E.,  and  Pace,  H.  A,  Foaming- In- 
Place  of  Alkyd  Resins  For  Sandwich 
Radomes.  Report  GER~ 4097  Supplement  II, 
Goodyear  Aircraft  Corporation,  Air  Ma¬ 
teriel  Command  Contract  W33-038  ac 
15228,  29  February  1952. 

87.  Editorial  Staff,  Electronic  Design.  Loaded - 
Core  Sandwich  for  Radomes.  January  15, 
1958. 

88.  Toner,  S.  D.,  Wolock,  I,  and  Reinhart,  F,  W. 
Effects  of  Molding  Pressure  on  the  Strength 
Properties  of  Several  Typesof  GlaBs  Fiber 
Reinforced  Plastics.  Wright  Air  Develop¬ 


ment  Center  Technical  Report  55-256, 
December  1955. 

89.  Lacquer;  Cellulose  Nitrate,  Gloss,  for  Air¬ 
craft  Use.  Military  Specification  MIL-L- 
7178. 

90.  Enamel,  Camouflage,  Quick  Drying.  Mili- 
tary  Specification  MIl.-E -55567 

91.  Coating,  Rain  Erosion  Resistant  with  Anti¬ 
static  Su rface^ Treatment, for  PI asttc^Lam- 
Ihutea,  Mil ftar  ySpecif  icat ion  SfiL-C-7439 
B, 

92.  Analysis  of  Compressive  Strength  oi  Honey¬ 
comb  ~Corea  for  Sandwich  Constructions. 
N.A.C.A.  Technical  Note  1251,  Aprii"l947. 

93.  Warren  and  Norris.  Analysis  of  Shear 
Strength  of  Honeycomb  Cores  for  Sand¬ 
wich  Constructions.  N.A.C.A,  Technical 
Note  2208,  October  1050. 


415 


Chapter  9 

INORGANIC  MATERIALS 
AND  RADOME  CONSTRUCTION 


by 


Harold  T.  Smyth 


School  of  Ceramics 
Rutgers  University 
New  Brunswick,  New  Jersey 


417 


Chapter  9 


INORGANIC  MATERIALS 
AND  RADOME  CONSTRUCTION 


SECTION  A.  INTRODUCTION 


9-1.  Scope 

At  the  time  of  writing  (1956)  ceramic  materials 
by  themselves  have  not  been  extensively  used 
for  radomes  .largely  because  the  commercial 
organizations  engaged  in  ceramic  fabrication 
have  notheen  In  a  position  to  supply  the  required 
shapes  finished  to  the  specified  dimensional 
tolerances 

Because  of  technical  advances  by  industry  and 
by  various  ceramic  schools,  it  seems  probable 
that  this  situation  can  be  corrected.  This  sec¬ 
tion  on  inorganic  materials  will  acquaint  radome 
designers  with  the  properties  of  the  ceramic 
materials  available,  together  with  information 
on  methods  of  fabrication,  which  may  be  expec¬ 
ted  to  allow  the  close  dimensional  tolerances  to 
be  met. 

Since  lack  of  proper  fabricating  technique  has 
slowed  up  the  utilization  of  ceramic  r 'domes, 
consideration  of  methods  of  manufacture  is  of 
equal  Importance  with  a  study  of  the  physical 
properties.  The  method  used  in  the  presenta¬ 
tion  o l  the  Information  will  therefore  be  as 
follows.  Ceramic  materials  will  be  grouped 


according  to  some  generally  accepted  classifi¬ 
cations.  The  materials  within  each  of  the  clas¬ 
sifications  will  be  considered  one  by  one.  Where 
extensive  work  has  been  carried  out  on  the  de¬ 
velopment  of  methods  of  manufacture  of  any  of 
these  materials  this  work  will  be  described  in 
detail,  along  with  the  description  of  the  material. 
The  sections  on  the  separate  materials  will  be 
followed  by  discussions  ol  the  mechanical, 
thermal,  and  electrical  properties  of  ceramic 
materials  in  general. 

9-2.  Classification 

Ceramic  materials  will  be  divided  Into  the 
following  classifications: 

1.  Dense  fired  bodies 

2.  Porous  bodies 

3.  Glasses  and  materials  derived  therefrom 

4.  Glass  bonded  mica 

5.  Fusion  cast  materials. 


SECTION  B.  DENSE  FIRED  BODIES 


9-3.  Definition  and  Characteristics  the  unfired  state  and  then  fired  at  a  high  tem¬ 

perature  to  a  state  approaching  zero  porosity. 
Properly  chosen  bodies  so  formed  can  have  some 
or  all  of  the  following  desirable  properties: 


This  classification  Is  taken  to  Include  ceramic 
materials  which  have  been  formod  to  shape  In 
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1.  High  strength  over  a  wide  temperature 
range 

2.  Hardness 

3.  Homogeneity 

4.  Dielectric  constant  anywhere  from  four  up 
to  several  thousand 

5.  Constancy  of  dielectric  constant  over  a 
wide  temperature  range  at  high  frequencies 

6.  Low  dielectric  loss. 

9-4.  Steatite 

Steatite bodi  'Xi  Include  those  which,  in  the  fired 
state,  consist  largely  of  magnesia  and  silica 
approximately  in  a  ratio  to  form  the  compound 
Mg0-Si02.  Other  ingredients  are  usually  added 
to  improve  the  forming  properties,  depending 
on  the  forming  operation  used,  or  to  improve 
the .  dielectric  properties.  Barium  oxide  is 
frequently  used  to  give  lower  dielectric  losses. 

Since  the  term  steatite  covers  a  number  of 
similar  materials,  the  physical  properties  listed 
later  are  only  roughly  representative  of  the 
class  and  are  subject  to  variation  depending  on 
how  each  body  is  made  up. 

The  Rutgers  Program.  The  program  at  Rut¬ 
gers  University  on  the  development  of  dense  fired 
ceramic  radomes  started  with  steatite. 1. 2,  3 
A  number  of  radomes  made  from  this  material 
came  close  to  satisfying  the  electrical  per¬ 
formance  requirements  of  one  of  the  missile 
manufactures. 

Steatite  was  chosen  for  the  following  reasons. 
Even  before  starting  the  work,  it  was  realized 
that  the  dimensional  tolerances  were  such  that 
none  of  the  usual  ceramic  fabricating  methods 
would  give  the  necessary  thickness  control, 
and  that  some  machining  would  be  necessary. 
Since  steatite  is  considerably  softer  than 
aluminaj  which  is  probably  a  more  desirable 
ultimate  material,  this  machining  develop¬ 
ment  could  be  more  easily  accomplished  with 
the  softer  material.  Steatite  radomes  actually 
were  produced  for  electromagnetic  testing  con¬ 
siderably  sooner  than  would  have  been  possible 
with  alumina  shapes.  Their  encouraging  per¬ 
formance  has  done  much  to  arouse  interest  in 
ceramic  radomes  In  general. 

Slip  Casting.  Of  all  the  possible  ways  of  form- 
ing  the  shape  before  firing,  Blip  casting  was 
chosen  as  most  likely  to  give  results  with  a 
minimum  of  development  work.  It  Is  very 


possible  that  other  methods  may  ultimately  re¬ 
place  this,  particularly  if  they  can  give  such 
control  of  thickness  and  taper  that  machining  in 
the  fired  state  Is  unnecessary;  however, 
radomes  are  now  being  produced  by  the  slip 
casting  method.  Since  the  method  works  in  spite 
of  its  inconveniences,  a  full  description  is  in 
order. 

Slip  casting  consists  of  making  a  fine,  more 
or  less  stable,  water  suspension  of  the  material. 
This  suspension,  or  slip,  is  poured  into  a 
plaster  of  parts  mold.  The  inside  of  the  mold 
is  of  the  same  shape  as,  but  slightly  larger  than, 
the  outside  of  the  shape  to  be  formed.  This  is 
to  allow  for  shrinkage  in  drying  and  firing. 

The  porous  mold  absorbs-  water  from  the  slip 
and  forms  a  wall  whose  thickness  increases  as 
the  mold  draws  out  more  and  more  water.  After 
the  desired  thickness  is  obtained  the  remaining 
slip  Is  poured  out,  leaving  the  formed  object. 

Slip  Control.  Slip  casting  is  an  old  art,  and  the 
control  of  clay  slips  is  described  in  many  text 
books  on  ceramic-B.  Low  dielectric  loss,  how¬ 
ever,  is  necessary  in  a  radome,  and  something 
better  than  the  older  electrical  porcelains 
seemed  indicated.  ThiB  meant  that  clay  could 
not  be  considered  as  a  major  Ingredient  or,  in 
fact,  in  some  caaeB,  as  an  ingredient  at  all. 

Workers  experienced  in  dielectric  work  ad¬ 
vised,  and  it  was  quickly  bo  e  out  in  practice, 
that  where  clay  la  not  a  major  ingredient  of  the 
slip  it  Is  advantageous  to  work  with  prefired 
materials  which  are  then  reground,  sized  if 
necessary,  and  made  into  a  slip  with  only  such 
additions  as  are  necessary  to  control  defloc¬ 
culation  and  give  correct  slip  viscosity  for 
casting  aid  sufficient  strength  for  handling 
after  the  piece  is  dry.  Both  from  the  stand¬ 
point  of  casting  control  and  ultimate  body  homo¬ 
geneity  this  approach  Is  recommended  to  any¬ 
one  attempting  to  produce  ceramic  radomes. 

For  this  method,  steatite  turned  out  to  be  a 
very  convenient  material.  There  was  a  ready 
supply  of  scrap  steatite  available.  This  was 
material  which  had  been  rejected  for  dimen¬ 
sional  defects  but  which  was  of  satisfactory 
composition.  The  use  of  this  material  elimi¬ 
nated  the  necessity  of  extruding  and  prefiring  the 
raw  material. 

Batch  Preparation.  The  steatite  scrap,  in  the 
form  of  thin  spaghetti,  was  wet  ground  In  a  ball 
mill.  If  It  Is  intended  to  form  shapes  which  may 
be  fired  to  exact  dimensions  without  any  further 
machining,  U  Is  extremely  important  to  control 
the  distribut  ion  of  particle  sizes  going  Into  the 
slip. 
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Contardi  and  Hund  have  described  some  ex¬ 
periments  on  the  effect  of  different  combinations 
of  particle  size  on  the  properties  of  steatite 
silos.  The  around  raw  materia  la 
into  two  fractions.  Fraction  A  contained 
particles  running  in  size  from  about  20  microns 
to  50  microns.  Fraction  B  wan  nearly  all  below 
4  microns.  A  slip  using  all  B  gave  a  body  with 
a  very  smooth  texture  but  with  a  firing  shrinkage 
of  almost  25  percent.  Fraction  A  by  itself  could 
not  be  cast,  since  it  settled  out  of  suspension 
too  rapidly.  A  blend  of  70  percent  A  and  30 
percent  B  gave  a  firing  shrinkage  of  only  13 
percent  which  was  the  lowest  shrinkage  of  any 
combination  of  the  two  fractions.  The  texture 
of  this  optimum  mix  was  just  as  good  as  that  of 
the  body  using  all  fine  material.  This  is  in 
agreement  with  general  ceramic  experience  that 
a  properly  chosen  mixture  of  two  different  size 
fractions  gives  less  void  space  in  the  dry  state 
and  consequently  less  firing  shrinkage  than 
either  fraction  by  itself. 

If  the  machining  process  Is  able  to  take  care  of 
any  size  variation  caused  by  shrinkage  which 
differs  from  batch  to  batch,  then  in  many  cases 
it  is  sufficient  to  decant  off  the  supernatant  slip 
after  grinding  and  to  use  the  resulting  run-of- 
the-mill  particle  size  distribution  without  any 
further  effort  to  compound  an  exact  size  dis¬ 
tribution  without  any  further  effort  to  compound 
an  exact  size  mixture. 

In  the  Rutgers  project  the  ground  slip  was  then 
dried.  This  dried  ground  material  was  mixed 
with  a  suitable  addition  of  deflocculants  and 
water  to  give  a  slip  of  the  proper  density  and 
casting  consistency..  Table  9-1  $howB  a  formu¬ 
lation  which  was  successfully  used  in  the  cast¬ 
ing  of  steatite  radomes. 


7«S/«  W.  FwmWw/uM  StKCMi ijly 
UmW  Ik  Catting  Sltntlt*  g«4o hi 


Ball  Milled  Steatite  Scrap 

77,725  gm 

Bentonite 

777  gm 

Supcrloid  Gel 

(10  gm  per  200  cc  water) 

785  gm 

Sodium  Silicate  “N”  brand 

(1  cc  per  lOcc  water) 

100  cc 

Ammonium  Hydroxide,  28% 

(1  cc  per  10  cc  water) 

500  cc 

Sodium  Hexametaphosphate 

(<4.35  gm  per  500  cc  water) 

2,600  cc 

Distilled  Water 

31,500  cc 

Any  Iree  iron  was  removed  by  a  magnetic 
filter.  The  slip  wac  then  de- aired  and  stored 
ready  for  casting.  Before  each  cast  the  specific 

jrCVity  Sum  VwCOauy  wore  ciieckeu  and  adjusted 

if  necessary. 

Casting.  A  section  drawing  of  the  mold  is 
shownin  Figure  9-1.  The  removable  top  is  used 
to  form  a  flange  that  gives  mechanical  support 
and  helps  to  prevent  warping  durirg  the  firing 
operations.  This  flange  is  not  removed  until 
after  the  final  firing.  Pieces  up  to  10  inches  in 
diameter  and  30  inches  in  length  have  been  cast 
from  such  a  mold. 

The  slip  using  the  formulation  of  Table  9-1  re¬ 
quired  about  45  minutes  to  build  up  a  wall  thick¬ 
ness  of  about  3/8  inch,  which  leaves  sufficient 
stock  to  allow  for  machining  if  a  wall  thickness 
in  the  neighborhood  of  1/4  Inch  is  desired.  The 
mold  was  then  inverted  and  the  remaining  slip 
drained  out.  The  wall  thickness  tended  to  be 
greater  nearer  the  point,  probably  because  of 
he  greater  hydrostatic  pressure  during  the 
casting  operation.  It  would  be  extremely  diffi¬ 
cult  to  achieve  accurately  a  predetermined 
pattern  of  wall  taper  by  control  of  the  slip  and 
draining  conditions  alone.  After  draining  the 
mold  was  returned  to  the  point-down  position 
and  allowed  to  remain  like  this  for  about  24 
hours  before  the  piece  was  removed.  Removal 
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was  performed  by  allowing  the  piece  to  drop 
very  gently  onto  a  rubber  ring  on  a  steatite 
plate.  Before  firing  the  rubber  ring  was  very 
carefully  removed  andpure  sand  substituted  for 
it  to  support  tne  raaome  during  tiring.  At  tms 
time  the  radome  was  extremely  fragile  and 
machining  operations  could  not  be  attempted. 

Bisque  Firing.  Steatite  In  the  final  fired  form 
is  quite  hard  and  could  probably  be  machined 
only  with  the  use  of  diamond  tools.  To  avoid 
this  necessity,  In  the  early  part  of  the  program 
the  radomeswere  first  bisque-fired  to  1,700°  F. 
This  gave  them  sufficient  strength  to  be  held  in 
the  lathe  chuck,  but  achieved  only  a  small  part 
of  the  complete  firing  shrinkage.  In  this  state, 
however,  they  can  be  readily  machined  with 
Carboloy  tools. 

It  was  the  usual  practice  to  machine  the  out¬ 
side  first  to  the  desired  contour  on  one  lathe. 
The  radome  was  then,  removed  to  another  lathe 
equipped  with  a  special  holder  to  allow  the  In¬ 
side  to  be  machined.  While  the  piece  was  still 
being  held  In  the  lathe  the  thickness  could  be 
constantly  checked  by  the  use  of  a  specially 
made  dial  micrometer  supplied  by  the  Tubular 
Micrometer  Co.  In  all  of  this  operation  allow¬ 
ance  had  to  be  made  for  the  shrinkage  to  take 
place  In  the  final  firing. 

Final  Firing.  After  the  proper  thickness  dis¬ 
tribution  had  been  achieved  the  piece  was  ready 
for  final  firing.  All  of  the  firing  was  done  in  a 
gas-fired  kiln  built  specifically  for  the  purpose, 
The  kiln  was  of  approximately  square  cross 
section  with  four  gas  burners  In  each  of  two 
opposite  walls.  Independent  control  ofthe  upper 
and  lower  burners  allowed  a  very  good  degree 
of  temperature  uniformity.  During  firing,  the 
radome  was  enclosed  In  a  stack  of  silicon  car¬ 
bide  rings  to  prevent  direct  flame  Impingement 
and  to  Improve  the  equality  of  the  temperature 
distribution. 

The  final  firing  was  carried. out  on  a  schedule 
requiring  about  8  hours  to  rcacti'a  temperature 
of  2,200°  F.  The  pieces  were  soaked  for  1 
hour  at  this  temperature,  after  which  time  the 
kiln  was  shut  down  and  allowed  to  cool. 

After  removal  ofthe  radome  from  the  kiln, the 
flange  was  cut  off  with  a  diamond  saw  and  the 
radome  was  ready  for  testing.  There  was  about 
13  percent  linear  shrinkage  in  the  final  firing 
operation.  In  spite  of  this,  thickness  tolerances 
of  several  thousandths  of  an  Inch  could  be  held 
In  the  final  piece.  The  shape  Itself  might  vary 
by  considerably  more  than  this,  warpage  of 
1/8  to  1/4  Inch  being  sometimes  present. 


Electrical  testing  of  the  steatite  radomesmade 
at  Rutgers  University  was  carried  out  by  the 
Raytheon  Manufactui  Ing  Co.  The  results  were 
good  enough  to  encourage  extension  of  this  work 
to  other  ceramic  materials  that  held  promise  of 
being  more  suitable  for  radome  construction  in 
the  long  run.  Perhaps  the  most  obvious  such 
material  Is  alumina. 

9-5.  Alumina 

While  alumina  Is  strictly  a  synonym  for 
aluminum  oxide,  It  is  used  loosely  to  describe 
any  ceramic  body  high  In  alumina.  It  will  be 
used  here  to  include  any  ceramic  body  contain¬ 
ing  90  percent  or  more  of  aluminum  oxide. 

Very  pure  alumina  can  be  fired  to  very  high 
strength  and  very  good  dielectric  properties. 
It  requires,  however,  firing  temperatures  well 
beyond  3,000°  F.  While  such  temperatures  are 
not  Impossible  they  call  for  expensive  kiln  con¬ 
struction  and  high  kiln  maintenance  costs. 
Hence  the  Investigation  was  begun  with  composi¬ 
tions  that  could  be  fired  around  2,800°  F,  which 
is  attainable  on  fairly  standard  equipment. 

With  a  little  experimenting  it  was  determined 
that  a  composition  using  90  percent  alumina,  6 
percent  talc  and  4  percent  ball  clay  could  be 
fired  to  maturity  at  around  2,800°  F  to  give  a 
body  with  dielectric  constant  about  8  and  a  loss 
tangent  of  around  0.002.  Somewhat  similar 
bodies  are  In  the  catalogs  of  a  number  of  manu¬ 
facturers  of  ceramic  dielectrics. 

Machining,  The  obvious  method  of  procedure 
seemed  to  be  to  follow  as  closely  as  possible 
the  techniques  which  had  been  successful  with 
steatite.  It  was  soon  found,  however,  that 
machining  of  the  bisque  ware  presented  much 
greater  difficulties  than  steatite.  The  wear  on 
the  tungsten  carbide  tools  was  so  great  that 
they  would  have  to  be  ground  several  times 
during  a  single  cut  on  the  lathe.  Therefore,  the 
decision  was  made  that,  in  spite  of  the  hardness 
of  the  matured  material,  all  machining  would  be 
done  on  the  final  fired  shape.  This  eliminated 
the  necessity  of  two  firings  but  brought  up  some 
new  problems  in  the  machining  operation. 

The  use  of  anything  but  diamond  tools  was  out 
of  the  question  for  the  very  hard  alumina 
surface.  All  of  the  machining  was  therefore 
done  with  metal-bonded  diamond  wheels.  For 
the  outside  machining  this  presented  no  great 
problem.  The  greater  part  of  the  Inside  was 
done  with  a  flat-faced  diamond  wheel  mounted 
on  a  long  quill,  The  interior  of  the  point  of  the 
radome  was  shaped  with  a  conical  diamond 
reamer.  A  grit  size  of  100  was  satisfactory  for 


422 


final  finishing,  while  a  grit  size  of  30  was  used 
for  some  of  the  roughing  cuts. 

At  the  time  of  writing  (1956),  no  tests  have 
been  qm(  any  Of  llieae  alumina 

radomes. 

9 - 6 .  Other  Forming  M cthods 

The  methods  described  above  allow  consider¬ 
able  precision  in  the  final  piece  but  are  certain¬ 
ly  not  Ideal  for  large  scale  production.  Further 
development  can  foreseeably  follow  several 
paths  In  achieving  a  more  practical  procedure. 
First,  there  may  be  developed  more  rapid 
machining  techniques.  These  would  reduce  the 
necessity  for  precision  control  of  shape  and 
thickness  In  the  ceramic  forming  and  firing, 
While  It  is  difficult  to  see  how  diamond  tools 
could  be  dispensed  with  on  anything  as  hard  as 
vitrified  alumina,  it  Is  very  conceivable  that  a 
multiplicity  of  cutting  tools  all  cutting  at  the 
same  time  could  reduce  the  machining  time  to 
a  small  fraction  of  that  presently  necessary. 
Also,  automatic  measuring  of  the  physical  or 
electrical  thickness  while  the  piece  Is  turning 
in  the  lathe  would  allow  machining  with  a  min¬ 
imum  of  personal  attention. 

The  second  possible  path  is  the  development 
of  the  precision  ceramic  control  required  to 
render  any  machining  in  the  fired  state  un¬ 
necessary.  This  may  be  achieved  by  such  a 
technique  as  Injection  molding,  used  today  in  the 
production  of  spark  plugs.  In  this  the  ceramic 
powder  would  be  mixed  with  an  appropriate 
amount  of  thermoplastic  resin  which,  when  hot, 
would  allow  the  raw  material  to  flow  under 
pressure  between  a  male  and  female  mold. 

Hydrostatic  pressing  has  also  been  suggested. 
In  this  method  the  ceramic  material  with  a 
suitable  binder  would  be  formed  on  a  mandrel. 
This  would  be  surrounded  with  a  rubber  or 
plastic  envelope  and  subjected  to  a  high  hydro¬ 
static  pressure  forcing  the  graihs  into  as  dense 
a  packing  as  the  particle  size  distribution  would 
allow.  With  radomes  even  as  large  as  those 
being  considered  for  the  smaller  missiles,  this 
calls  lor  extremely  heavy  pressure  vessels. 

It  might,  however,  allow  machining  in  the  un¬ 
fired  state  while  the  piece  was  still  on  the  man¬ 
drel.  This  would  eliminate  inside  machining, 
always  an  awkward  operation.  With  good  par¬ 
ticle  size  control  itmight  very  well  allow  thick¬ 
ness  and  taper  tolerances  to  be  met  without  any 
further  machining. 

With  the  present  slip  casting  procedures  there 
la  much  groater  hydrostatic  head  at  the  point  of 


the  mold  than  there  is  at  the  other  end.  It  has 
been  suggested  that  centrifugal  casting  In  which 
the  mold  would  be  rotating  on  its  axis  at  some 
appropriate  speed  while  the  casting  operation 
is  oeing  carried  out  could  help  to  improve  tills 
situation.  This  works  very  well  with  cylindrical 
shapes  and  might  be  adapted  to  cones  or  ngtvpa, 

9-7.  Other  Materials 

At  the  moment  alumina,  because  of  its 
strength,  refractoriness,  hardness,  and  good 
dielectric  properties,  is  probably  the  most 
promising  ceramic  material  for  radome  con¬ 
struction,  at  least  among  the  dense  nonporous 
bodies.  There  are,  however,  many  other 
possible  compositions  out  of  which  radomes 
might  be  made  and  one  or  another  of  these  may 
look  very  desirable  at  some  future  time.  While 
it  would  obviously  be  impossible  to  cover  every 
possible  combination  of  the  many  oxides  avail¬ 
able,  some  of  the  more  simple  typeB  will  be 
mentioned. 

9-8.  Beryliia5 

Of  all  the  materials  which  might  come  close  to 
doing  what  alumina  can  do,  and  even  perhaps  a 
little  more,  beryliia  probably  looks  the  moBt 
promising.  It  has  almost  as  good  strength, 
almost  the  same  thermal  expansion,  but  it  has 
one  property  that  puts  it  In  a  class  by  Itself 
among  ceramic  materials.  The  thermal  con¬ 
ductivity  Is  fabulously  high,  higher  in  fact  than 
that  of  a  number  of  metals.  This  gives  it  a 
great  advantage  in  resistance  to  thermal  chock, 
since  thermal  gradients  are  greatly  reduced. 

Its  most  serious  drawback  is  its  toxic  proper¬ 
ties.  Many  ceramic  manufacturers  areafraid  of 
it.  Although  it  can  be  handled  safely  If  proper 
precautions  are  taken,  the  health  hazard  has 
slowed  up  the  general  use  of  this  potentially 
useful  material. 

9-9.  Magnesia6 

Pure  magnesia  has  a  very  high  melting  point, 
close  to  5,072° F.  In  the  pure  state  it  is  diffi¬ 
cult  to  mature  at  reasonable  temperatures. 
With  small  amounts  of  talc  or  ball  clay  as  a 
flux,  magnesia  bodies  have  been  matured  at 
2,800°  F.  The  thermal  conductivity  is  high.  A* 
a  class  these  magnesia  bodies  are  second  only 
to  beryliia  bodies  in  this  respect.  The  dielectric 
constant  is  close  to  8  and  with  2.5  percent  talc 
the  lose  tangent  is  0,0003.  With  10  percent  talc 
it  is  0.001.  The  thermal  expansion  is  about  50 
percent  greater  than  alumina  or  beryl.'ia,  The 
strength  does  not  compare  well  with  either 
alumina  or  beryliia. 
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9-10.  Spinel7 

Magnesia-alumina  spinel  is  another  material 
which  might  be  useful  because  of  its  high  melt¬ 
ing  temperature  (3,875°  F).  The  compound  has 
the  formula  MdO-AIvO?.  Again  some  flux  is 
necessary  to  obtalna  boSy  maturing  at  a  reason¬ 
able  temperature.  Using  various  amounts  of 
clay  for  this  purpose,  E.J.  Smoae  has  made  up 
several  spinel  bodies  maturing  from  2,600  to 
2,800°  F.  The  strengths  are  not  high.  The 
dielectric  constants  run  from  6  to  7  with  loss 
tangents  of  about  0.0004. 

9-11.  Forsterite^ 

Bodies  consisting  largely  of  forsterite, 2MgO- 
S102,are  very  comparable  in  physical  proper¬ 
ties  with  steatite  bodies.  The  loss  tangents  of 
the  forsterite  bodies  are  usually  lower  than 
those  of  steatites. 

9-12.  Zircon8’9 

The  pure  compound  zircon,  ZrCKSiOo,  has  a 
thermal  expansion  lower  than  most  of  the  ma¬ 
terials  already  mentioned.  It  can  bu  used  as  an 
ingredient  in  ceramic  dielectrics  where  low  ex¬ 
pansion  is  desired  toimprove  thermal  shock  re¬ 
sistance.  Some  bodies  of  this  type  are  described 
in  the  ceramic  literature.  The  dielectric  con¬ 


stants  are  in  the  7  to  8  rcidon.  Loss  tangents 
are  around  0.001.  Expansions  are  very  much 
lower  than  either  alumina  or  boryllta. 

9-13.  Cordlerlte10 

The  ternary  rnmnnund  cordlerlte,  2MctO- 
2A1203*  58102,  is  another  very  low  expansion 
material.  Bodies  have  been  developed  with  this 
compound  as  a  major  phase.  Expansions  are 
very  low.  Dielectric  constants  are  In  the 
neighborhood  of  5  and  loss  tangents  tend  to  run 
high. 

9-14.  Lithium  Aluminum  Silicates77' 

The  lithia-alumlna-sUica  diagram  is  rather 
remarkable  In  that  it  contains  several  regions 
which  show  negative  expansions.  When  the  iired 
body  is  found  to  contain  either  the  compound 
beta-eucryptite  or  beta-spodumene,  quite  large 
negative  expansions  can  occur.  These  can  be 
just  as  bad  from  the  standpoint  of  thermal  shock 
resistance  as  high  positive  expansions.  How¬ 
ever,  by  proper  control  oi  the  composition, 
bodies  may  be  produced  which  have  very  close 
to  zero  expansion  over  a  wide  temperature 
range.  Such  bodies  show  extremely  good 
thermal  shock  resistance.  As  might  be  expected 
of  any  silicate  composition  containing  Buch  a 
small  alkali  Ion  as  lithium,  losses  tend  to  run 
high  With  loss  tangents  around  0.005. 


SECTION  C.  POROUS  BODIES 


9-16.  Approaches  to  Fabrication 

For  high  temperature  Insulation  and  other 
applications  porous  ceramic  materials  have 
been  manufactured  for  a  long  time.  One  of  the 
commonest  methods  of  producing  the  desired 
porosity  la  to  Incorporate  In  the  body  a  certain 
amount  of  some  material  which  will  burn  out  in 
the  firing  process,  leaving  In  Its  place  uores  of 
approximately  the  Bame  size  as  the  combustible 
particles.  While  this  is  satisfactory  for  appli¬ 
cations  where  homogeneity  of  structure  Is  not 
of  prime  importance,  as  In  thermal  insulation, 
It  has  not  been  considered  a  desirable  procedure 
for  making  thin-walled  radomes  where  the  pores 
should  be  small  compared  with  the  wall  thick¬ 
ness  and  where  electrical  requirements  call  for 
a  high  degree  of  homogeneity. 

One  of  the  most  promising  methods  of  attack 
has  been  the  use  of  foaming  agents  in  prepara¬ 
tion  of  the  ceramic  material,  A  large  amount  of 
work  along  these  lines  has  been  carried  out  at 
Virginia  Polytechnic  Institute  and  at  Ohio  State 
University. 


9-16.  Foaming 

The  general  method  is  to  prepare  the  ceramic 
material  In  the  form  of  a  slip  or  water  suspen¬ 
sion  which  can  be  ioamed  by  the  addition  oi  a 
foaming  agent  and  a  properly  selected  whipping 
action.  The  foam  when  formed  must  be  stabi¬ 
lized  by  some  ingrodlent  in  the  batch  which  will 
set  up  as  soon  as  or  shortly  alter  the  foam  has 
been  formed.  This  Ingredient  has  usually  been 
plaster  of  parts. 

A  description,  from  the  reports  of  A.  J. 
Metzger  at  V.P.I.,  of  the  preparation  of  a  rep¬ 
resentative  body  of  this  type  follows. *3. 14  As 
in  any  work  of  this  kind  there  isan  Infinite  num¬ 
ber  of  combinations  of  raw  materials  out  of 
which  must  be  chosen  the  one  to  give  the  best 
combination  of  physical  properties  for  the  par¬ 
ticular  application.  These  properties  Include 
density  and  strength,  as  well  as  dielectric  and 
thermal  properties.  In  each  case  the  radome  de¬ 
signer  and  the  ceramic  manufacturer  must  work 
very  closely  together  and  each  must  be 
conscious  of  the  other's  desires  and  limitations. 
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The  solids  In  Metzger's  batch  B77  are  shown 


Material 

Percentage 

Plaster  of  Paris 

21.02 

Pioneer  Kaolin 

34.14 

A-2  Alumina 

44.84 

The  liquid  part  of  the  batch  consisted  of  water 
with  0.6  percentof  Aresket  240.  An  anionlctype 
foaming  agent,  this  la  a  40  percent  solution  of 
monobutyl  biphenyl  sodium  monosulfonate 
supplied  by  the  Monsanto  Chemical  Company. 

The  llquld-to-solid  ratio  was  48.72  to  61. 28, 
arrived  at  after  a  large  number  of  experiments 
looking  toward  a  minimum  fired  density  In  the 
finished  pieces. 

The  mixing  cycle  is  quite  critical  and  must  be 
very  closely  controlled  to  give  reproducible  re¬ 
sults.  In  Metzger's  work  the  solid  and  liquid 
were  blended  for  one  minute,  mixed  at  high 
speed  with  a  Hobart  mixer  for  2  1/2  minutes  and 
then  at  a  slower  speed  for  1.  minute.  This  In¬ 
dicates  the  care  that  Is  necessary  to  get  repro¬ 
ducible  results.  The  original  reports  should  be 
consulted  for  the  exact  details  on  the  relations 
between  method  of  preparation  and  the  proper¬ 
ties  of  the  final  body, 

Forming.  The  mold  Into  which  the  foamed  slip 
Is  poured  consists  of  inner  and  outer  meted 
forms.  When  conical  shapes  are  being  formed, 
waxed  paper  Is  used  as  a  separating  layer. 
After  the  material  has  set,  the  Inner  cone  is  re¬ 
moved,  and  after  several  hours  the  outer  cone 
Is  taken  off  and  the  piece  allowed  to  dry.  Drying 
is  carried  out  at  70°  F  at  a  relative  humidity  of 
50  percent. 

Firing.  Firing  involves  not  only  the  develop- 
ment  of  a  ceramic  bond  but  also  the  dissocia¬ 
tion  of  the  plaster  of  parts,  with  the  liberation 
of  sulfur  trioxlde.  To  allow  this  reaction  to  go 
to  completion  the  piece  is  held  at  2,200°  F  in  a 
well -ventilated  kiln  for  12  hours.  The  kiln  la 
then  brought  rapidly  up  to  2,552°  F, where  U  is 
held  for  3  hours,  after  which  It  is  allowed  to 
cool. 

Bodies  prepared  in  this  way  have  a  bulk  den¬ 
sity  of  about  30  pounds  per  cubic  foot  and  a 
modulus  of  rupture  approaching  400  pounds  por 
square  inch. 

By  their  very  nature,  such  bodies  are  porous 
and  will  readily  absorb  moisture.  In  this  state 


they  would  not  make  good  radomes,  since  the  ab- 
aui  |H>un  of  such  moisture  would  seriously  affect 
their  dielectric  properties.  Something  has  to  be 
done  to  make  the  surface  Impervious,  Because 
of  their  greai  porosity  they  are  rather  difficult 
to  glaze,  since  the  melting  glaze  has  a  at  rongtend- 
ency  to  be  absorbed  by  the  body.  It  is  necessary 
first  to  treat  the  surface  so  that  a  subsequently 
applied  glaze  can  mature  without  soaking  in. 

Glazing.  This  has  been  done  by  the  applica- 
1  bn  to  the  surface  of  a  finely  ground  mix  of  the 
same  composition  asthe  body  itself.  When  fired 
on,  this  leaves  a  hard  skin  to  which  a  glaze  can 
be  applied  In  the  usual  way.  This  skin  also 
increases  the  modulus  of  rupture  by  about  25 
percent. 

The  application  of  a  glaze  to  this  body  in¬ 
creases  the  modulus  of  rupture  to  around  1,200 
pounds  per  square  inch  and  gives  a  surface 
which  is  truly  Impervious  to  moisture. 

By  a  somewhat  similar  technique  Giles  and 
Heasinger^®'*®  at  Ohio  State  University  have 
produced  foamed  wollastonlte,  CaO-SiOg,  bodies 
with  densities  of  around  25  poundspor  cubic  foot 
and  modulus  of  rupture  up  to  250  pounds  per 
square  inch,  The  batch  contained  70  parts 
wollastonlte,  20  parts  ball  clay,  and  10  parts 
barium  carbonate,  together  with  20  parts  ol 
plaster  of  parts  to  stabilize  the  foam,  plus  some 
fluxes  to  lower  the  firing  temperature  and  ex 
tend  the  firing  range.  Saponin  was  used  as  the 
foaming  agent. 

The  same  workers  have  also  used  mixtures  of 
wollastonlte,  ball  clay  and  zircon.  A  strength 
of  500  pounds  per  square  Inch  was  obtained  at 
a  density  of  40  pounds  per  cubic  foot  and  a 
strength  of  100  to  200  pounds  por  square  inch 
at  a  density  of  20  pounds  per  cubic  foot. 

After  the  first  firing,  a  fine  coating  of  essen¬ 
tially  the  same  composition  as  the  body  was 
fired  on,  after  which  a  lead  borosillcate  glaze 
was  applied  and  fired. 

9-17.  Wollastonlte  Bodies  From  Xonotllte 

Kalouaek  and  Dence  of  Owens  Illinois  Glass 
have  developed  a  different  approach  to  the 
problem  of  producing  lightweight  ceramic 
bodies. 1 7  They  reacted  Ireshly  slaked  calcium 
oxide  and  finely  pulverized  quartz  In  an  auto¬ 
clave  at  250  pounds  per  square  inch  steam  pres¬ 
sure.  The  raw  materials  were  prepared  as  a 
slurry  and  pouiwd  into  a  mold  of  the  desired 
shape.  The  material  in  the  mold  was  auto¬ 
claved  for  10  hours.  The  resulting  solid  piece 
would  have  a  density  from  15  to  35  pounds  per 
cubic  foot  and  was  essentially  of  the  compost- 
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tton  xonotllte,  5CaO-5Si02'HoO.  Hollow  cones 
with  base  diameter  of  8  inches  and  length  of 
24  inches  could  be  made  in  this  way. 

It  was  found  that  these  cones  could  be  con¬ 
verted  to  wollastonite  by  slow  heat  treatment 
requiring  14  to  18  hours  to  reach  1,350°  F.  In 
spite  of  the  relatively  large  shrinkage  which 
accompanies  the  conversion  of  xonotllte  Into 
wollastonite,  structurally  sound  wollastonite 
pieces  could  be  obtained  in  this  way.  The 
porosity  which  had  contributed  tothe  low  density 
in  the  xonotllte  state  remained,  and  wollastonite 
shapes  having  a  density  of  18  pounds  per  cubic 
foot  could  be  obtained.  The  modulus  of  rupture 
of  such  pieces  was  150  pounds  per  square  inch. 

The  texture  of  the  wollastonite  bodies  formed 
In  this  way  is  such  that  a  glaze  may  be  applied 
and  fired  without  the  necessity  of  first  sealing 
the  pores  In  a  separate  operation.  It  was  found 
that  glaze  No.  3498  made  by  the  Ferro  Corpor¬ 
ation  gave  satisfactory  mechanical  properties 
with  reasonably  low  dielectric  loss. 


9-18.  Dielectric  Properties  of  Porous  Ceramics 


Metzger  found  that  the  dielectric  constant  of 
porous  bodies  made  from  alumina,  kaolin,  and 
plaster  of  parts  could  be  expressed  by  the 
simple  formula 

f,.  -  1  4  0.02  >■  (9-1) 

where  «risthe  relative  dielectric  constant  and 
p  is  the  .density  In  lbs  per  cu  ft.  Giles  and 
Hesslnger  have  plotted  the  dielectric  constant 
of  porous  wollastonite  bodieB  and  the  curve  can 
be  expressed  very  closely  by  the  expression 

«r  =  0,92  +  0,022^-  (9-2) 

Loss  tangent  at  9,4  kmc  is  about  0.002. 

The  wollastonite  bodies  made  from  xonotllte 
havo  a  dielectric  constant  of  about  1.4  and  a 
loss  tangent  of  about  0.001, 


SECTION  D.  GLASSES 


9-19,  Possible  Advantages  of  Glasses 

While  glasses  do  not  have  the  refractoriness 
of  such  materials  aB  alumina  or  beryllla,  they 
are  capable  of  withstanding  temperatures  con¬ 
siderably  higher  than  most  organic  plastic  ma¬ 
terials.  In  addition,  they  lend  themselves  to  a 
number  of  forming  techniques  which  allow  mass 
production  methods'with  quite  precise  control  of 
shape  and  thickness.  Glass  Bhapes  have  been 
blown  or  pressed  for  many  years,  Recently  the 
development  of  centrifugal  casting  of  such  large 
shapes  as  television  picture  tubes  has  permitted 
thickness  control  of  the  order  of  ±0.010  inch  or 
better.  Also,  work  sponsored  by  Wright  Air 
Development  Center  has  resulted  in  centrifugal 
casting  of  radomea  within  tolerances  of  ±0.005 
inch,  While  such  control  is  probably  not  In  Itself 
satisfactory  In  the  manufacture  of  half-wave 
radomea,  it  would  greatly  reduce  the  time  re¬ 
quired  for  final  machining,  and  some  machining 
still  seems  neceasary  for  most  ceramic 
radomee  with  the  poeelble  exception  of  glaes- 
bonded  mica. 


9-20.  Glaes  Properties 

It  Is  not  poeelble  In  anything  short  ol  a  full 
textbook  to  cover  the  variations  in  physical 
properties  which  can  be  obtained  with  glasses 
ol  different  composition!.  Dielectric  constants 


may  run  from  about  3,8  for  vitreous  silica,  to 
6  or  7  for  the  more  common  silicate  glasses, 
to  8  to  10  for  high-lead  glasses,  and  up  to  15 
or  greater  for  Bpeclal  glasses. 

With  the  exception  of  vitreous  silica  and  the 
few  very  high  silica  glasses  (such  aB  Corning 
Vycor),  glasses  In  general  do  not  have  outstand¬ 
ingly  good  resistance  to  thermal  shock,  mostly 
because  of  their  moderate  strength,  low  thermal 
conductivity,  and  high  elastic  constants. 
Because  of  its  extremely  low  expansion,  vitre¬ 
ous  silica  has  exceptionally  good  resistance  to 
thermal  shock;  but,  because  of  Its  very  high 
viscosity  at  the  usual  glass  working  tempera¬ 
tures,  it  is  difficult  and  expensive  to  form. 

Other  physical  properties  of  the  glasses  will 
be  discussed  in  the  general  discussion  of 
physical  properties  of  all  ceramic  materials, 

9-21.  New  Glasses 

Recently  there  have  been  developed  some  new 
matorlals  such  as  Corning  Ceram  807  BUZ 
(#8808)  and  607  AVE(#8605),  which  possess  some 
of  the  useful  forming  properties  of  glasses,  and 
can, by  heat  treatment,  bo  converted  Into  bodies 
with  much  higher  strength  than  the  usual 
glasses,  The  shapes  are  formed  in  the  usual 
way  from  glasses  of  special  compoeltlonj  if 
neceasary,  they  may  be  machined  while  still  In 
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the  glassy  state,  when  the  machining  can  be 
carried  out  much  more  easily  thanon  theusually 
harder  ceramic  materials. 

The  shapes  are  then  heated  to  a  carefully  con¬ 
trolled  predetermined  temperature.  Here  they 
devitrify  or  crystallize.  The  change  in  volume 
Is  not  very  large  In  this  process,  and  It  appears 
probable  that  close  dimensional  tolerances  can 


be  maintained.  The  stren^-th  Is  greatly  enhanced 
in  the  crystallization  process.  The  dielectric 
properties  compare  favorably  with  those  of 
other  ceramic  dielectric  materials,  and  are 
listed  in  t  ables  y-u  ana  y-iu. 

These  materials  were  developed  by  Corning 
Glass  and  bear  the  trade  names  Fotoceram  and 
Pyroceram. 


SECTION  E.  GLASS-BONDED  MICA  AND  FUSION-CAST  CERAMIC  MATERIALS 


9-22.  GlasB-Bonded  Mica  and  Ceramoplastlcs 

Of  all  the  ceramic  materials  which,  up  to  the 
present  time,  have  been  worked  on  in  the  ra- 
domc  field,  only  two  have  shown  that  they  can 
be  formed,  without  machining,  to  radome 
shapes  with  dimensional  tolerances  satisfac¬ 
tory  to  the  designers.  These  are  glaBs-bonded 
mica  and  ceramoplastics,  which  are  manufac¬ 
tured  under  the  trade  names  of  Mycalex  and 
Supramlca,  respectively.  These  bodies  consist 
of  an  intimate  mixture  of  finely  ground  mipa 
(natural  or  artificial)  bonded  with  a  specially 
selected  low-temperature  softening  glass. 

These  materials,  preheated  to  soften  the 
glass,  can  be  formed  by  injection  molding  in 
heated  metal  molds;  since  there  is  no  further 
change  in  volume  after  forming  other  than  the 
thermal  contraction  on  cooling  from  the  form¬ 
ing  temperature,  the  only  real  limit  to  the  di¬ 
mensional  tolerances  that  can  be  met  on  the 
finished  piece  are  the  precision  with  which  the 
forming  dies  can  be  made.  Small,  full-scale, 
missile  radomes  have  been  made, 

In  addition,  the  nature  of  these  materials  Is 
Buch  that  machining  in  the  finished  state  Is 
quite  practical  without  diamond  tools.  This 
means  that,  for  experimental  and  development 
work,  different  tapers  may  be  cut  on  pieces 
from  the  same  mold,  thereby  expediting  the 
work  and  reducing  the  costs. 

Both  Mycalex  400  and  Supramlca  500  have  a 
dielectric  constant  of  about  7  with  a  loss  tan¬ 


gent.  of  0. 003  at  10  kmc. 

At  the  present  time  probably  the  greatest 
weakness  of  materials  of  this  kind  is  the  low 
softening  point  of  the  glass,  which  must  be 
such  that  the  material  1b  workable  at  tempera¬ 
tures  compatible  with  reasonable  life  of  the 
metal  molds  used.  The  materials  are,  how¬ 
ever,  capable  of  operating  at  temperatures 
several  hundred  degrees  in  excess  of  those 
recommended  for  most  organic  plastic  mate¬ 
rials.  For.  example,  Supramlca  500  is  capable 
of  operating  at  a  continuous  temperature  of  500° 
C  and  might  very  well  be  applicable  to  radomes 
for  moderate  speed  missiles. 

9-23.  Fusion- Cast  Ceramic  Materials 

One  class  of  materials  which  Is  not  usually 
considered  for  dlPlectrlc  applications  Is  that 
group  of  materials  made  by  melting  the  ceramic 
raw  materials  In  an  electric  furnace  and  pour¬ 
ing  them  Into  graphite,  sand,  or  other  molds. 
Many  refractory  shapes  for  glass  and  steel 
furnaces  are  made  In  this  way.  Since  dielectric 
pieces  are  usually  small  tt  has  not  bean 
practical  for  this  process  to  compete  with  the 
usual  ceramic  forming  methods.  However, 
when  the  pieces  required  get  to  be  as  large  as 
some  radomes  are  now,  some  method  like  this 
may  prove  practical,  Shapes  such  as  fairly  thin 
walled  crucibles  and  some  of  the  more  compli¬ 
cated  shapes  used  in  feeder  parts  for  glass 
tankB  are  now  standard  Items.  The  possibilities 
of  the  method  are  such  that  radomes  of  these 
materials  are  not  out  of  the  question. 


SECTION  G.  PHYSICAL  PROPERTIES  OF  CERAMIC  MATERIALS 


9-24.  Introduction 

The  following  sections  give  a  short  discussion 
of  the  physical  properties  of  ceramic  materials 
in  general. Some  more  or  less  obvious  gen¬ 
eralities  which  may  be  helpful  In  promoting  a 
greater  appreciation  of  the  possibilities  and 


limitations  of  these  materials  are  Included  as 
well  as  tables  of  the  more  important  properties. 
In  these  tables  the  materials  will  be  represented 
by  one  from  each  general  category  like  alumina 
or  beryllla.  This  means  that  the  values  are  at 
best  only  a  rough  guide  ae  to  what  may  be  done 
with  a  given  kind  of  material.  Individual 
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suppliers  should  be  consulted  before  the  de¬ 
signer  goes  too  far.  Where  available  sources  do 
not  list  a  particular  property  of  one  kind  of  ma¬ 
terial  the  writer  has  made  an  intelligent  guess. 
Since  much  of  the  numerical  data  is  taken  from 
manufacturers’  catalogs,  r.c  attempt  la  made  to 
Identify  the  source  of  each  value,  since  this 
could  not  very  well  be  done  without  making  dis¬ 
tinctions  among  the  suppliers. 

9-25.  Mechanical  Properties 

From  the  mechanical  standpoint  certain 
properties  are  desirable  for  successful  radome 
application.  These  are: 

1.  Strength  at  ordinary  temperatures  and  at 

high  temperatures 

2.  Resistance  to  Impact 

3.  Resistance  to  thermal  shock 

4.  Resistance  to  rain  erosion 

5.  Resistance  to  moisture  absorption 

6.  Lightness. 

Some  of  these,  such  as  lightness  and  strength, 
are  to  some  extent  incompatible.  Knowing  all 


the  materials  he  has  to  choose  from,  the  de¬ 
signer  has  to  make  the  best  passible  compro¬ 
mise. 

Strength.  The  strength  of  ceramic  materials 
may  bo  expjeoaeu  in  a  number  ot  ways.  It  may 
be  listed  as  crushing  (compressive)  strength, 
tensile  strength,  or  flexural  strength  (also 
called  modulus  oi  rupture).  Details  of  the 
recommended  methods  of  evaluating  these  may 
be  found  under  test  DlfS-44  In  the  ASTM 
Standards  1955,  Part  6.  In  very  rough  numbers, 
the  flexural  strength  is  usually  about  twice  the 
tensile  strength  and  the  compressive  strength 
is  seven  to  ten  times  the  tensile  strength. 

The  impact  strength  is  measured  as  the  kinetic 
energy  expended  In  breaking  a  bar  of  specified 
cross  section  when  the  bar  is  struck  by  a 
pendulum  which  has  been  allowed  to  fall  from  a 
controlled  and  specified  height.  The  details 
are  listed  under  test  D256-54T  In  the  ASTM 
volume.  There  Is  Borne  doubt  as  to  the  meaning 
of  such  a  test.  A  true  brittleness  test  should 
probably  measure  the  energy  just  required  to 
break  the  sample  rather  than  the  energy  ex¬ 
pended  in  breaking  it,  since  a  comparatively 
weak  but  very  resilient  sample  might  have  good 
impact  resistance. 

Table  9-n  shows  representative  strength 
values  for  a  number  of  ceramic  materials. 


fail*  t-if.  Cmrmtlc  Mtchtnlcll  Strength  Voftwi 


Material 

Tensile 

Strength 

(pal) 

Compressive 

Strength 

(psi) 

Flexural 

Strength 

(pal) 

Alumina 

27,000 

280,000 

50,000 

Beryllia 

22,000 

225,000 

34,000 

Steatite 

10,000 

90,000 

20,000 

Forsterlte 

10,000 

85,000 

20,000 

Zircon 

13,000 

75,000 

24,000 

Porcelain 

8,000 

50,000 

11,000 

Cordierite 

5,000 

35,000 

16,000 

Glass-bonded  mica 

7,000 

35,000 

15,000 

Pressed  glassware 

5,000  -  10,000 

Drawn  glass  tubing 

10,000  -  20,000 
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Tail,  9-H.  Caramtc  Machaalcal  Strangth  Valya  fro* I) 


Material 

Tensile 

Strength 

(psi) 

Compressive 

Strength 

(psi) 

Flexural 

Strength 

(psi) 

Window  glass 

12,000  -  25,000 

607  BUZ  Ceram  (#8606) 

30,000 

Porous  Ceramics 
*  (15-40  lb/cu  ft) 

100  -  400 

The  strength  of  glasses  Is  strongly  affected  by 
surface  defects.  On  the  other  hand,  the  strength 
of  glasses  may  be  very  materially  increased  by 
tempering.  In  this  process  the  glass  is  chilled 
rapidly  from  a  partially  soft  condition  so  that 
the  exterior  is  in  compression  when  the  glass 
reaches  room  temperature.  Since  failure  of  a 
glass  sample  usually  starts  at  a  surface  In  ten¬ 
sion,  greater  loads  may  be  applied  before  the 
surface  reaches  the  critical  breaking  tension. 
In  this  way  the  strength  of  simple  shapes  may 
be  increased  by  a  factor  of  2.5  to  3.5. 

Tempering  has  also  been  tried  on  other  types 
of  ceramic  bodies  with  considerable  success. 
Strengths  of  alumina  and  steatite  samples  have 
been  Increased  up  to  40  percent.  Here  the 
samples  have  to  be  heated  to  a  temperature 
where  strain  can  be  relieved  before  quenching. 
With  alumina,  this  means  temperatures  in  ex¬ 
cess  of  2,500°  F  and  with  steatite  1,800°  F. 

9-26.  Resistance  to  Impact 

Ceramic  materials,  as  contrasted  with  metals, 
are  usually  considered  as  brittle.  This  is 
probably  associated  with  the  fact,  that  they  do 
not  show  any  plastic  or  viscous  flow  at  room 
temperatures  right  up  to  the  breaking  point. 
Also,  the  elastic  constants  of  most  glasses  and 
dense  materials  are  high.  The  result  is  that 
when  a  ceramic  piece  is  struck,  Its  inability  to 
flow,  along  with  Its  high  elastic  constants, 
causes  high  instantaneous  stresses  that  may 
result  In  fracture.  Catalogs  usually  list  impact 
strengths,  but  their  Interpretation  is  of  doubUul 
value  and  no  figures  will  be  given  here. 

9 - 27 .  Resistance  to  Thermal  Shock 

Many  radomes  In  service  will  undoubtedly  be 
subjected  to  severe  thermal  shock.  While  the 
calculation  of  the  stresses  in  any  particular 
piece  under  these  conditions  Is  extremely  com¬ 


plicated,  certain  properties  will  minimize  the 
tendency  to  fail  under  sudden  heating.  These 
are: 

1.  Low  coefficient  of  thermal  expansion 

2.  High  thermal  conductivity 

3.  High  strength 

4.  Low  elastic  constants. 

Typical  values  of  coefficients  of  thermal  ex¬ 
pansion  are  listed  in  Table  9-III,  Thermal  con¬ 
ductivity  values  are  listed  in  Table  9-IV, 

Thermal  Conductivity.  This  property  seems  to 
be  related  to  the  simplicity  and  regularity  of  the 
Ionic  arrangement.  Close  packing  of  the  oxygen 
ions  with  very  small  cations  In  the  interstices  to 
interfere  with  the  passage  of  elastic  waves 
through  the  lattice  seems  to  favor  high  conduc¬ 
tivity.  Beryllia  is  the  outstandingly  conspicuous 
example.  MagneBia  is  another  example  and 
alumina  another.  Spinel,  having  closely  packed 
oxygen  ions  but  having  two  kinds  of  cations  in 
the  interstices,  has  fairly  high  conductivity. 
As  the  complexity  of  the  structure  increases, 
the  conductivity  decreases  correspondingly. 
Glasses,  with  their  lack  of  regularity,  in  general 
have  much  lower  conductivities  than  the  crystal¬ 
line  bodies.  Bodies  with  a  considerable  amount 
of  glass  phase,  such  as  porcelain,  have  lower 
conductivity  than  those  where  the  glass  phase 
represents  only  a  very  small  fraction  of  the 
total  volume,  such  as  the  relatively  pure  oxide 
ceramics.  Where  porosity  is  present,  the  con¬ 
ductivity  will  be  further  decreased.  Porous 
ceramic  insulating  bodies  may  have  conduc¬ 
tivities  in  the  neighborhood  of  0.03. 

The  values  given  in  Table  9-IV  are  only  in¬ 
tended  as  a  rough  guide,  since  the  method  of  man¬ 
ufacture  strongly  Influences  the  conductivity. 
In  particular,  to  obtain  a  body  which  can  be 
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r«k'i  9— ill.  C Hemic  CeeHIclemtt 


Material 

Coefficient  j 
(in./in./OF)  x  106 

Alumina 

4.5 

Beryllia 

4.7 

Steatite 

4.3 

Forsterlte 

5.9 

2ircon 

2.6 

Porcelain 

3.3 

Cordierlte 

1.3 

Glass-bonded  mica 

5.6 

Window  glass 

4.7 

Burosilicate  glass 

1.3 

96%  silica  glass 

0.45 

Vitreous  silica 

0.31 

507  BUZ  Ceram  (#8006) 

3.1 

Tehle  9-1 V,  C  cremic  Theme/  ConJuctlvItlet 


Material 

Thermal  Conductivity 
(Btu/sq  ft/hr/°F/ft) 

Alumina 

10 

Beryllia 

125 

Steatite 

i.4 

Forsterlte 

1.9 

Magnesia 

20 

Zircon 

2.9 

Porcelain 

1.1 

Cordierlte 

1.1 

Glass-bonded  mica 

1.3 

Soda  lime  glass 

0.6 

Vitreous  silica 

0.8 

formed  and  (Lred  with  regular  commercial 
processes  and  kilns,  the  main  constituent  c! 
the  high  alumina  or  high  beryl  11  a  bodieB  may 
only  be  90  percent  or  less  of  the  total  body,  the 
remaining  part  being  fluxes  to  lower  the  firing 
temperature  or  may  be  ingredients  added  to  give 
desirr'-le  working  properties  in  the  forming 
opera*,  jn.  Bodies  made  with  beryllia  ranging 
from  70  to  95  percent  may  have  conductivities 
from  30  to  90,  which  are  still  high  by  ceramic 
standards. 


High  thermal  conductivity  is  desirable  in  im¬ 
proving  thermal  shock  resistance  because  it 
helps  to  reduce  steep  thermal  gradients  within 
the  piece. 

9-28.  Elastic  Constants 

The  values  of  the  elastic  constants  are  important 
both  in  impact  resistance  and  in  thermal  shock 
resistance.  In  both  cases  low  values  of  Young’s 
modulus  and  mudulus  of  rigidity  are  helpful.  It 
is  usually  not  possible  to  do  much  toward  Inde¬ 
pendently  controlling  these  elastic  constants. 
Usually  whatever  lowers  the  elastic  constants 
also  lowers  the  strength  and  possibly  the  thermal 
conductivity.  For  this  reason  it  is  hard  to  find 
any  really  successful  attempts  to  show  experi¬ 
mentally  the  effect  of  high  or  low  elastic  con¬ 
stants  on  either  impact  or  thermal  shock  resis¬ 
tance.  However,  porous  ceramic  bodies  are 
usually  better  in  thermal  shock  than  very  dense 
bodies  of  comparable  expansion  and,  since  the 
strength  and  conductivity  of  these  will  be  lower 
than  the  corresponding  properties  in  a  dense 
body  of  the  same  composition,  the  lower  elastic 
constants  must  take  the  credit. 


Values  of  Young's  modulus  for  some  materials 
are  shown  In  Table  9-V.  Rigidity  modulus  m  fol¬ 
lows  closely  the  same  pattern  as  Young’s  mod¬ 
ulus  E.  Since  they  are  related  by  the  formula 


and  since  Poisson’s  ratio  s>  is  usually  just  a 
little  below  0.25  tor  ceramic  bodies,  this  is  to 
be  expected. 

9-29  Hardness 


It  is  out  of  place  here  to  try  to  evaluate  the 
data  which  have  been  complied  from  time  to 
time  o.t  resistance  of  different  compositions  to 
rain  erosion.  It  does  seem  reasonable  to  ex¬ 
pect  that  hardness  will  play  an  important  part. 
With  this  in  mind,  the  Knoop  hardness  values  of 
a  few  ceramic  materials  are  shown  in  Table 
9-V1. 
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Tob/#  9-V.  Young*  t  Mo dulvt  for  C*romict 


Tab! •  9-V]/.  Coromic  Soft  Optrofmg  Ttmpifoforwi 


Material 

Ivluduius 
(psi  x  10“G) 

Alumina 

43 

Steatite 

16 

Zircon 

22 

Wollastonite  (dense) 

13 

Silicate  glasses 

10 

Wollastonite  (18  Ib/cu  ft) 

0.076 

Glass-bonded  mica 

11 

607  BUZ  Ceram  (#8606) 

17.5 

607  AVE  Ceram  (#8605) 

19.5 

Material 

— 

Degrees  (F) 

Alumina  (100%) 

3,540 

Alumina  (96%) 

3,100 

Zircon 

2,650 

Alumina  (84%) 

2,550 

Porcelain 

2,185 

Steatite 

1,830 

Forsterite 

1,830 

Glasses 

700  -  900 

Mycalex  400 

700 

Mycalex  K-10 

750 

Tcbl»  9-V  I.  Cttamic  Kmop  Harden  Vafwi  Approximate  densities  of  some  representative 

ceramic  bodies  are  given  in  Table  9-VII1. 


Toblo  9-V XI L  Dtfti/f/tt  of  Ctrom/ci 


The  only  materials  usually  listed  as  having 
hardness  greater  than  that  of  alumina  are  car¬ 
bides,  borides,  and  diamond. 

9-30.  Refractoriness 

From  a  mechanical  standpoint  the  radome  de¬ 
signer  is  interested  in  materials  which  will 
keep  a  reasonable  amount  of  their  strength  at 
somewhat  elevated  temperatures.  Table  9-VII 
lists,  as  a  very  rough  guide,  what  are  called 
safe  operating  temperatures  for  a  few  ceramic 
bodies.  The  term  is  purposely  vague  but  might 
be  taken  as  a  temperature  above  which  one 
could  not  depend  upon  dimensional  stability.  It 
is  highly  probable  that  the  electrical  require¬ 
ments  rather  than  the  mechanical  will  deter¬ 
mine  the  upper  temperature  limit. 


Density 

Material  (Ib/cu  ft) 


Alumina 

220 

Beryllia 

185 

Steatite 

170 

Forsterite 

170 

Zircon 

230 

Porcelain 

145 

Cordierite 

125 

Glass-bonded  mica 

190 

Window  glass 

150 

Borosilicate  glass 

140 

96%  silica  glass 

135 

Vitreous  silica 

140 

Porous  wollastonite 

(strength  500  psi) 

40 

rous  wollastonite 

(strength  100-200  psi) 

20 

607  BUZ  Ceram  (#8606) 

160 

607  AVE  Ceram  (#8605) 

160 

Material 

Hardness 

Alumina 

2,000 

Beryllia 

1,220 

Glasses 

300  -  500 

SECTION  H.  ELECTRICAL  PROPERTIES  OF  CERAMICS 


9-31.  Effect  of  Composition 

Most  conventional  electrical  ceramic  materials 
consist  of  one  or  more  crystalline  phases  held 
together  with  a  glass  phase.  The  composition  of 
the  glass  phase,  if  present,  is  usually  difficult  to 
specify  with  any  degree  of  precision,  since  it 
depends1  on  the  temperature  and  rate  at  which 
the  final  state  of  the  material  has  been  reached. 
Where  silica  is  present  in  the  body  composition, 
as  very  often  it  is  to  some  degree,  a  certain 
amount  will  help  to  form  the  glass  phase  and  the 


rest  may  go  into  forming  crystalline  phases  with 
the  other  oxides  present.  Usually  only  in  the 
case  of  the  very  pure  oxides,  of  necessity  fired 
at  very  high  temperatures,  can  one  consider  the 
glass  phase  as  being  negligible. 

9-32.  Dielectric  Losses 

Ceramic  dielectrics  made  of  very  pure  re¬ 
fractory  oxides  are  usually  very  low  in  dielec¬ 
tric  losses.  Aluminum  oxide  and  magnesium 
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oxide  are  examples.  On  the  other  hand,  glasses 
can  be  made  to  give  extremely  high  losses  over 
the  whole  practical  frequency  range.  Pure 

wit  ronits  uilira  has  an  ovtromelvr  Irvu/  1r»ao  tan- 

gent,  but  as  the  Impurities  are  increased,  par¬ 
ticularly  the  smaller  alkali  ions,  the  losses 
mount  rapidly*  One  may  consider  that  in  a 
ceramic  dielectric  the  crystalline  phase  governs 
the  dielectric  constant  while  the  glass  phase 
Is  mainly  responsible  for  the  losses.  The  art 
or  science  of  making  good  dielectric  materials 
therefore  consists  mainly  in  so  controlling  the 
glass  phase  that  the  losses  are  kept  small. 

At  the  frequencies  at  which  radomes  are  de¬ 
signed  to  be  used,  any  losses  caused  by  d-c 
electrical  conductivity  in  the  glass  or  glass 
phase  may  usually  be  neglected.  The  losses 
probably  arise  mainly  from  the  ability  of  some 
of  the  Ions  present  to  jump  back  and  forth 
between  two  adjacent  positions  of  equilibrium 
separated  by  a  potential  barrier.  The  relaxa¬ 
tion  time  associated  with  such  a  process  will  be 
proportional  to  e*/*71’ where  is  the  work  re¬ 
quired  to  lift  the  particular  ion  over  the  barrier, 
k  Is  Boltzmann’s  constant  and  T  is  the  absolute 
temperature.  If  there  is  a  range  of  values  of  the 
potential  barriers  involved,  there  may  be  an 
extremely  wide  range  of  relaxation  times,  be¬ 
cause  of  the  exponential  form  of  the  relation 
between  them,  v 

Under  the  action  of  an  alternating  current  field 
only  those  processes  which  have  a  relaxation 
time  in  the  neighborhood  of  l/2"f  will  contribute 
to  the  losses.  All  at  those  processes  which  have 
relaxation  times  lower  than  this  value  will  con¬ 
tribute  to  the  dielectric  constant.  The  result  Is 
that  the  dielectric  constant  always  decreases 
with  increasing  frequency  while  the  loss  tangent 
may  Increase  or  decrease.  It  so  happens  that 
in  most  ceramic  materials  the  loss  tangent  de¬ 
creases  with  Increasing  frequency  up  to  about 
107  cycles  per  second  and  then  Increases  some¬ 
what  up  to  1010  cycles  per  second. 

If  the  composition  of  the  material  Is  such  that 
there  are  very  few  processes  present  with  re¬ 
laxation  times  over  the  range  from  102  up  to 
1010,  this  means  that  the  losses  will  be  very 
low  over  this  whole  frequency  range.  It  also 
means  thatthe dielectric  constant  will  vary  very 
little  over  the  same  range.  In  general  it  may  be 
noticed  that  In  any  good  table  of  dielectric 
p  roperties  those  materials  that  show  the  lowest 
losses  also  show  the  least  variation  of  dielectric 
constant  with  frequency. 

Table  9-IX  lists  typical  values  of  dielectric 
constants  and  loss  tangents  for  representative 
ceramic  materials. 


Taklt9-lX.  Dltltcirlc  PnpHItt  0/ 
Cwrcwlc  Mottrla/i 


T irtss  Tariffpnt 

Material 

Constant 

(at  1010cps) 

Alumina 

8.8 

0.0018 

Beryllia 

4.2 

0.00115 

Magnesia 

9.6 

<0.0003 

Steatite 

5.8 

0.004 

/  11.4 

0.001 

Zircon  bodies 

\  8.0 

0.002 

Forsterite 

6.1 

0.0003 

Porcelain 

5.4 

0.008 

Cordierite 

5.0 

0.003 

Vitreous  silica 

3.78 

0,00017 

96%  silica  glass 

3.82 

0.00094 

Soda  lime  glass 

6.7 

0.017 

Borosilicate  glass 

4.5 

0.0085 

Soda  potash  lead 
gtass 

6.6 

0.0083 

Glass-bonded  mica 

7.1 

0.0033 

FMm.d  i(Z01b/cuft)l.38 

|  0.003 

wollastonite  ( (30  ib/Cuft)i.69 

607  BU2  Ceram (#8606)  5.45 

0.0029 

9-33.  Temperature  Effects 

Of  more  importance  in  radome  work  than 
stability  of  dielectric  constant  with  frequency 
is  the  stability  with  temperature  at  the  design 
frequency.  Any  serious  variation  of  the  dielec¬ 
tric  conatant  with  temperature  can  very 
seriously  affect  radome  performance. 

The  effect  of  a  temperature  rise  is  to  decrease 
the  relaxation  time  associated  with  any  process. 
This  means  that  at  a  fixed  frequency  the 
processes  that  contribute  to  the  losses  at  an 
elevated  temperature  are  the  processes  which 
at  room  temperature  would  have  contributed  to 
the  loasee  at  a  lower  frequency.  Therefore.  If 
a  material  has  very  low  losses  down  from  1010 
to  102  cycles  per  second,  It  will  have  a  dlelec- 
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trie  constant  which  remains  stable  over  a  wide 
temperature  range.  At  lower  frequencies  the 
temperaturp  ranffp  uiso-h  dielectric 

constant  remains  constant  may  be  much  less. 
The  very  high  frequencies  for  which  the  radome 
must  work,  therefore,  are  an  advantage  from 
the  standpoint  of  the  temperature  stability  of  the 
materials  out  of  which  the  radome  is  made.  For 
the  best  temperature  stability, materials  should 
be  chosen  which  have  low  losses  over  the  widest 
possible  range  down  from  the  operating 
frequency.  The  pure  oxides  come  closest  to 
fulfilling  these  conditions.  Measurements  listed 
by  Von  Hippel  show  that  the  variations  of  di¬ 
electric  constant  with  temperature  follow  the 
general  pattern  which  would  be  expected  from 
the  considerations  just  discussed, 2<J 

9-34.  Losses  Versus  Structure 

As  mentlomd  before,  the  dielectric  losses  are 
usually  associated  with  the  glass  phase  in  the 
ceramic  material.  If  the  glass  phase  occupies 
only  about  10  percent  of  the  volume  of  the  ma¬ 
terial  and  if,  as  Is  often  the  case,  most  of  the 
impurities  are  concentrated  in  the  glass  phase, 
then  comparatively  small  amounts  of  Impurities 
can  constitute  a  goodly  percentage  of  the  glass 
phase,  with  resultant  high  losses. 

Studle's  of  glass  structure  Indicate  that  a  large 
part  of  the  losses  are  related  to  the  way  In  which 
such  Ions  as  the  alkali  ions  fit  into  the  Inter¬ 
stices  of  the  glass.  If  there  are  many  ions  In 
Interstices  which  are  too  large  for  them,  then 
the  losses  will  be  high.  Very  small  amounts  of 
sodium  or  lithium  do  not  have  a  great  effect  In 
increasing  the  losses,  but  larger  amounts  can 
cause  very  great  losses  because  the  excess  ions 
have  to  fit  themselves  Into  Interstices  which  are 
too  large  for  them.  Similarly,  mixtures  of  ions 
can  cause  very  much  lower  losses  than  the 
same  mole  percent  of  a  single  ion.  Small  ions 
are  usually  associated  with  greater  losses  than 
large  ions.  In  steatite  bodies  the  addition  of 
barium  has  frequently  been  used  to  lower  the 
losses  because  of  the  large  size  of  the  barium 
ion. 

The  relations  between  the  Ions  present  in  a 
ceramic  body  and  the  losses  can  never  be 
simple.  Addition  of  alkalis  or  alkaiine  earths 
can  affect  many  things  besides  modifying  the 
composition  of  the  glass  phase.  They  can 
change  the  viscosity  of  the  glass  phase  and 
change  the  rate  of  crystal  formation  or  the 
species  of  crystal  which  is  forming,  All  of 
these  things  have  a  very  complicated  effect  on 
the  composition  and  amount  of  the  glass  phase 
present. 

Since  it  is  possible  to  examine  the  structure 
of  ceramic  bodies  either  by  observing  thin  sec¬ 


tions  in  transmuted  light  or  polished  sections 
In  reflected  light,  It  might  be  expected  that  the 
connections  between  the  amounts  of  the  diiier- 
ent  phases  present  and  the  shapes  in  which  they 
exist,  on  the  one  hand,  and  the  dielectric 
properties,  on  the  other,  might  be  rather  well 
worked  out.  Actually  very  little  in  the  way  of 
such  an  approach  is  available  in  the  literature, 
and  the  development  of  dielectric  ceramics  has 
been  largely  a  matter  of  trial  and  error. 

Several  authors  have  attempted  to  derive  ex¬ 
pressions  for  the  dielectric  properties  of  mix¬ 
tures  of  phaBes.  Probably  the  most  convincing 
and  satisfactory  of  these  is  the  treatment  of 
Niesel,  who  derives  expressions  both  for  the 
dielectric  constant  and  also  for  the  loss 
tangent.2**22 

The  cases  covered  in  his  papers  include 
different  shapes  of  crystals  embedded  In  a  con¬ 
tinuous  glass  phase.  He  also  treats  the  case  of 
a  polycrystalllne  material  with  randomly  ori¬ 
ented  crystals  completely  filling  the  space. 
Eichbaum  has  shown  that  Niesel’s  formulas  may 
be  used  with  considerable  success  to  predict 
the  dielectric  properties  of  certain  wollastonite 
bodies  In  which  the  volume  fractions  of  the 
separate  phases  are  determined  by  a  counting 
method  witha  polished  section  under  the  micro¬ 
scope.23  Much  more  work  along  these  lines  Is 
called  for. 

Niesel’s  treatment  does  not  cover  the  case  of 
a  dielectric  with  much  interconnected  porosity. 
Metzger  has  shown  that  certain  empirical  re¬ 
lationships  may  be  used  with  considerable  re¬ 
liance  In  such  cases. 

In  a  manner  analogous  to  the  use  of  the  so- 
called  Gladstone-Dale  index  in  the  prediction 
of  the  refractive  indices  of  glasses,  It  was 
assumed  that  In  a  porous  ceramic  body  of  given 
composition  the  quantity 

ft’r  ~  1  =  kj  =  a  constant  (9-4) 

for  different  porosities.  er  is  the  relative  di¬ 
electric  constant  and  P  is  the  density.  If  k^p  is 
much  less  than  unity, 

£r  =  1  +  2k  ^  (9-5) 

When  the  density  is  measured  in  pounds  per 
cubic  feet,  the  constant  k,  In  this  relation  Is 
0.01. 


The  electrical  properties  of  a  glaze  are  de¬ 
termined  by  the  material  employed.  From  an 
electrical  point  of  view,  the  glaze  may  be  con¬ 
sidered  as  a  thin  skin  of  dielectric  constant 
higher  than  the  porous  ceramic  core  which  it 
protects. 
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GLOSSARY 


Autoclave.  At  apparatus  (or  th*  treatment  ct  the  distance  between  the  knife  edges,  a  la  the 

ceramic  and  other  materials  at  elevated  tern-  width,  and  b  is  the  thickness,  all  measured 

peratures  and  high  pressures  of  water  vapor.  in  inches. 


Bisque  fired.  A  ceramic  body  is  said  to  be 
bisque  fired  when  fired  to  a  temperature  suf¬ 
ficient  to  give  It  considerable  handling  strength 
but  not  sufficient  to  allow  it  to  reach  maturity 
or  that  state  where  the  porosity  reaches  a 
very  low  value. 

Compressive  strength  or  crushing  strength.  This 
is  the  maximum  compressive  stress,  in  pounds 
per  square  inch,  which  a  ceramic  sample  of  a 
certain  shape  will  withstand  before  fracture. 
For  most  ceramic  bodies  this  is  very  much 
greater  than  either  the  tensile  strength  or 
modulus  of  rupture. 

Decant.  To  pour  off  from  a  mixture  of  water 
and  a  solid  material  that  fraction  staying 
easily  In  suspension,  leaving  behind  the  solid 
material  that  has  settled  out  or  never  gone 
into  suspension. 

Deflocculation.  That  state  of  a  suspension  in 
which  each  particle  Is  separated  from  its 
neighbors,  resulting  In  greater  fluidity  than 
when  the  particles  tend  to  adhere  to  each 
other. 

Diagram.  Contraction  for  phase  rule  diagram 
which  Is  a  two-  or  three-dimensional  plot 
showing  the  stable  existence  and  coexistence 
of  possible  compounds,  liquids,  and  solid 
solutions  in  a  mix  of  known  proportions  of 
two  or  more  oxides  at  different  temperatures. 

Modulus  of  rupture.  The  breaking  strength  of 
a  bar  of  ceramic  material  when  supported 
between  knife  edges  and  loaded  In  the  mid¬ 
dle.  The  strength  is  expressed  as  the  stress 
In  pounds  per  square  inch  in  that  layer  of  the 
bar  In  which  the  stress  is  greatest,  assuming 
perfect  elasticity  up  to  the  breaking  point, 
This  is  computed  according  to  the  formula 
(for  a  bar  of  rectangular  cross  section). 


where  M  is  the  modulus  of  rupture,  W  Is  the 
load  in  pounds  required  to  break  the  oar,  X  is 


Phase,  Any  physically  and  chemically  homo¬ 
geneous  fraction  of  a  ceramic  mix.  Possible 
phases  might  be  crystals  of  any  of  the  oxides 
present  or  crystals  of  any  compounds  of  sol¬ 
id  solutions  containing  several  oxides.  Usu¬ 
ally  in  a  ceramic  body  containing  any  silica 
or  other  glass-forming  oxide,  there  will  also 
be  a  noncrystalline  phase  which  will  be  a 
glass  whose  composition  will  depend  on  the 
composition  of  the  original  mix  and  the  ther¬ 
mal  history  to  which  it  haB  been  exposed. 

Relaxation  time.  Under  the  action  of  an  applied 
electric  field  E  there  will  be  some  molecular 
processes  whose  contribution  to  the  electrical 
displacement  D  will  not  be  Instantaneous  but 
will  have  the  general  form 

D  =  D0  {l-e'H 

where  Dq  is  a  constant  which  gives  their  con¬ 
tribution  to  the  displacement  after  a  very  long 
time  and  r  is  a  quantity  with  the  dimensions 
of  a  time  which  Isa  characteristic  of  the  pro¬ 
cess.  When  r  is  large  the  process  responds 
slowly  but  when  r  is  small  the  process  re¬ 
sponds  rapidly.  t  is  called  the  relaxation  time. 

Slurry.  A  thick  suspension  of  a  finely  ground 
solid  in  water  or  other  liquid. 

Steatite.  A  fired  ceramic  material  with  a 
chemical  composition  in  the  neighborhood  of 
that  of  the  compound  enstatite  Mg0S102. 

Supernatant.  Applies  to  that  fraction  of  a  mlx- 
ture  of  solid  and  water  in  which  the  solid 
exists  In  a  well  dispersed  suspension. 

Tensile  strength.  The  tensile  stress  in  pounds 
per  square  inch  required  to  cause  fracture  in 
a  coramlc  sample.  Since  most  ceramic  ma¬ 
terials  at  room  temperature  exhibit  no  plas¬ 
tic  flow  up  to  the  breaking  point,  it  is  neces¬ 
sary  to  use  great  care  in  preparing. almost 
perfectly  straight  samples  to  avoid  any  bend- 
in  effects. 
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INDEX  OF  SYMBOLS 


A 

Constant  determined  by  atomic  or 

s0 

Distance  from  nacelle  to  antenna 

molecular  polarizability  and 
temperature 

u 

U1 

Velocity  of  object 

a 

Constant  3  8x10*®  per  ft 

u2 

Velocity  of  air  In  air  prism 

a* 

Velocity  of  sound 

4 

Angle  which  shock  wave  makes  with 

D 

F(*) 

Distance 

Fresnel  straight-edge  diffraction 
pattern 

Arms 

&« 

axis  of  aircraft 

Path  error 

Root- mean-square  difference  In 

G(®) 

Composite  far-field  pattern 

dielectric  constant  in  turbulent 
medium 

G(0) 

Absolute  gain  of  antenna 

(Si-)2 

Mean-  square  fluctuations  of  dielec¬ 

go 

,  h 

Gain  factor 

Altitude  In  ft 

*r 

tric  constant 

Dielectric  constant  of  a  gaseous 
medium 

i 

Angle  of  Incidence  with  respect  to 

e 

Azimuth  angle 

K 

normal  and  shock  fronts 

Constant  for  a  given  pattern 

80 

Angle  intercepted  at  edge  of  re¬ 
flecting  surface  in  horizontal  plane 

L 

Diameter  of  spherical  eddies 

K 

Square  root  of  ratio  of  velocities  in 

M 

P 

Mach  number 

Constant  for  a  given  pattern;  para¬ 
meter  P  determined  by  hall-power 

pi 

p2 

supersonic  shock  front 

Density  In  air  prism 

Density  in  free  air 

Pf 

Pi 

beamwldth  of  antenna  pattern 

Free-space  pattern 

Relative  strength  of  Image  Antenna 

Elevation  or  depression  angle 

Direction  of  beam  maximum  with 
respect  to  horizontal  or  angle 

P(e,0) 

Beam  shape 

intercepted  at  edge  of  reflecting 
surface  in  vertical  plane  - 

PM 

Unperturbed  far-field  antenna 
pattern 

* 1 

Arbitrary  elevation  angle 

Pi 

Pressure  in  supersonic  flow 

*2 

Maximum  angle  of  shaped-beam 
portion  of  pattern 

P2 

Final  pressure 

** 

Angle  at  which  functions  e*p2',nZ 

r 

Angle  of  refraction 

and  K  csc^  $  cos  <P  meet  In 
common  tangent 
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Chapter  10 


AIRBORNE  RADAR  INSTALLATION  TOPICS 


SECTION  A.  INTRODUCTION 


In  the  preceding  chapters,  methods  of  radome 
analysis,  problems  and  techniques  of  design, 
and  cr  lterla  of  performance  have  heen  discussed. 
Until  now,  little  has  been  said  about  the  place¬ 
ment  of  the  antenna  and  radome  on  the  aircraft 
or  missile  airframe,  the  needs  for  stabilization 
of  the  scanner  for  cei  tain  types  of  radar  systems, 
the  swept  volumeof  scanning  antennas,  nor  about 
the  effect  that  the  location  of  the  antenna  with 
respect  to  the  airframe  may  have  upon  the  per¬ 
formance  of  the  radar  system  as  a  whole. 

In  thl3  chapter  we  shall  consider  the  various 


factors  which  govern  the  size  and  location  of  the 
radome.  We  shall  consider  Interference  and 
diffraction  effects  which  may  result  from  the 
presence  of  the  aircraft's  wings  or  fuselage  in 
close  proximity  to  the  radar  antenna.  The  per¬ 
formance  of  the  radar,  despite  the  angular  mo¬ 
tions  of  the  aircraft  in  flight,  also  requires 
consideration.  In  these  matters  we  do  not  deal 
with  the  properties  of  the  radome  or  Its  con¬ 
struction,  but  it  will  be  obvious  that  the  matters 
to  be  discussed  become  of  considerable  Impor¬ 
tance  In  the  deBlgn  of  the  radome. 


SECTION  B.  STABILIZATION  AND  MOUNTING  PROBLEMS 


10-1.  Preaaur  Ization 

At  an  altitude  of  50,000  ft  or  greater  corona 
discharge  will  frequently  occur  on  the  antenna 
feed  when  the  peak  power  is  upward  of  150 
kilowatts.  The  pressurizing  cover,  or  feedome, 
for  the  antenna  feed  must  be  large  In  order  for 
corona  not  to  occur  at  very  high  power  and  high 
altitude.  The  effect  of  the  corona  discharge  is 
to  heat  the  feedome,  soften  the  plastic  or  resin, 
and  cause  a  pressure  bubble  to  form  and  burst 
with  a  consequent  loss  of  pressure  In  the  sys¬ 
tem  and  voltage  breakdown  In  the  transmission 
line.  It  istherefore  advisable  In  some  instances 
to  pressurize  the  entire  radome  to  avoid  corona 
discharge  on  the  feedome. 

To  pressurize  the  radome,  the  dome  must  it¬ 
self  be  pressure  tight  ana  structurally  strong 
enough  lo  maintain  the  pressure  at  the  extreme 


operating  altitude.  A  seal  must  be  provided  at 
the  seat  of  the  radome  mounting  rim  and  the 
nacelle.  Since  aerodynamic  heating  may  cause 
a  considerable  rise  in  temperature  of  the  skin 
and  radome,  the  seal  must  be  of  a  suitable  mate¬ 
rial  to  provide  an  adequate  pressure  seal  at  the 
extremes  of  temperature  and  pressure. 

Thus  far  only  experimental  studies  of  radome 
pressurization  have  been  performed.  No  design 
data  is  as  yet  available. 

10-2,  Stabilization* 

Because  aircraft  In  flight  are  unsteady  vehi¬ 
cles,  subject  to  roll,  pitch,  and  yaw,  stabiliza  ¬ 
tion  of  the  radar  antennas  Is  often  required  to 
maintain  the  position  of  the  radar  beam  In  space 
despite  the  Involuntary  maneuvers  of  the  craft. 
Stabilization  is  also  required  for  maintaining 


the  position  of  the  radar  beam  In  space  auto¬ 
matically  despite  the  roll  and  pitch  of  an  air¬ 
craft  caused  by  flight  maneuvers.  Stabilization 
is  usually  ‘  ssential  to  obtain  the  required  ac¬ 
curacy  in  target  location,  fire  control,  and 
weapons  guidance. 

In  antenna  stabilization,  one  or  more  gyro¬ 
scopes  and  a  servomechanism  automatically  tilt 
the  radar  beam  an  equal  amount  in  a  direction 
opposite  the  pitching  or  rolling  of  the  vehicle  in 
which  it  is  mounted,  with  the-  result  that  the 
radiated  beam  Is  unaffected  by  the  changing 
att  itude. 

Stabilization  may  be  accomplished  by  two 
methods:  mechanical  stabilization  and  data 
stabilization.  Only  mechanical  stabilization 
need  concern  the  radome  and  antenna  nacelle 
designer;  data  stabilization  is  accomplished 
electronically  within  the  radar  system  Itself. 
Data  stabilization  Is  only  a  partial  substitute 
for  mechanical  stabilization,  since  11  the  vehicle 
rolls  or  pitches  to  such  an  extent  that  the  radar 
beam  no  longer  scans  the  desired  part  of  the 
field,  data  stabilization  cannot  compensate. 

Platform  Stabilization.  Kinematically,  the 
most  neprly  perfect  airborne  stabilization 
scheme  Is  the  one  in  which  the  antenna  scanner 
is  mounted  on  a  gtmbal  system  that  maintains 
the  axis  of  the  scan  truly  vertical.  The  gyro¬ 
scope  provides  a  stable  vertical  reference. 
Separate  servomechanisms,  connected  to  the 
roll  and  pitch  axes  respectively,  keep  the  scan¬ 
ner  axis  parallel  to  the  axis  of  the  gyroscope. 
Two  arrangements  of  axes  and  antenna  mounting 
are  shown  in  Figure  10-1. 

Llne-of-Slght  Stabilization.  For  this  method 
of  stabilization,  no  effort  is  made  to  maintain  a 
level  platform.  Instead,  referring  to  Figure 
10-2,  as  the  antenna  rotates  in  Its  scanning 
function  about  the  azimuth  axis,  a  servomech¬ 
anism  maintains  the  angle  0  at  the  proper  value 
to  compensate  for  both  pitch  and  roll.  Thus  the 
beam  scans  in  the  horizontal  plane  or  In  a 
plane  at  a  prescribed  angle  above  or  below  the 
horizontal. 

For  a  pencil-beam  antenna,  the  results  ob¬ 
tained  with  llne-of-slght  stabilization  are  es¬ 
sentially  the  same  as  with  platform  stabilization. 
For  a  shaped-beam  antenna  such  as  cosecant- 
squared,  however,  the  results  are  different. 
Llne-of-slght  permits  beam  tilting  with  respect 
to  the  ground,  as  Illustrated  in  Figure  10-6, 
whereas  platform  stabilization  prevents  this 
beam  tilt. 


fixed  to  oirfrome 


azimuth 


IB) 


Flfur*  10— I.  Two  Atranya moot)  Fat  Platform  Sfaillltatlo* 


By  way  of  contrast,  with  pitch  stabilization  (no 
compensation  for  roll)  the  antenna  scans  In  a 
plane  tilted  with  respect  to  the  horizontal  plane. 


Two  different  forms  of  llne-of-slght  stabiliza¬ 
tion  are  possible.  In  one,  the  gyro  is  a  stable 
vertical  mounted  onthe  scanner;  In  the  other,  the 
gyro  Isa  stable  vertical  mounted  remotely  from 
the  scanner. 
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Fig tin  10-2.  Two  Mounting  Amnfwnmia  For  Lln—01-Slghi 
Stabilization;  Anglo  of  Doptoozlon  4>to  Ktop  Snout  Hori. 
zanta!  C/von  by  Sin  <P*Sln  a  Slit  It  -  Coo  a  Sin  P  Cot 
R  Whom  a  =  Azimuth  Anglo  From  Dood  Akood,  R  - 
Roll  Anglo,  ond  F  *  P/tc/t  Anglo 


Roll  Stabilization.  For  so  mu  applications, 
pitch  stabilization  Is  not  essential  to  the  per¬ 
formance  of  the  radar  system,  and  only  roll 
stabilization  Is  required.  Automatic  stabiliza¬ 
tion  about  the  roll  axis  is  obtained  by  utilizing 
only  the  roll-glmbal  axis  of  the  platform 
stabilization. 

Pitch  Stabilization.  Pitch  stabilization  Is  de¬ 
signed  to  compensate  for  changes  of  attitude  of 
the  aircraft  in  glide,  climb,  or  angle  of  attack. 
Like  roll  stabilization,  It  is  patterned  after  the 
platform  stabilization  method. 

Yaw  Stabilization.  Compensation  for  yaw  In 
an  aircraft  is  necessary  In  only  very  limited 
cases.  One  of  these  Is  side-wise  search  radar, 


in  which  the  antenna  is  oriented  in  such  a  man¬ 
ner  as  to  constantly  look  perpendicular  to  the 
line  of  flight  of  the  aircraft.  This  is  most  fre¬ 
quently  accomplished  by  data  stabilization,  l.e., 
by  aliciiiifc  iiie  rauar  presentation  to  suit  tne 
circumstances.  Sector  scanners  may  be  yaw- 
stabilized  about  the  vertical  axis  by  means  of  a 
horizontal  gyroscope.  It  is  unlikely,  however, 
that  yaw  stabilization  will  materially  affect  the 
Sivept  volume  of  the  scanner,  and  consequently 
It  is  not  likely  that  the  radome  will  need  to  be 
larger  In  volume  to  accommodate  the  scanner. 

10-3.  Swept  Volume 

Platform  and  roll-stabilized  scanners  require 
an  Increase  In  the  volume  of  the  radome  needed 
to  house  the  scanner  and  the  stabilization  equip¬ 
ment.  This  results  from  the  relative  displace¬ 
ment  of  the  scanner,  as  Illustrated  In  Figure 
10-3.  The  swept  volume  is  determined  by  the 
moment  arm  of  the  stabilization  system.  Sven 
the  most  compact  platform  or  roll-stabilized 
scanner  requires  a  larger  radome  than  a  line- 
of-sight  stabilized  scanner  with  an  antenna  of 
the  same  dimensions. 


Figaro  10-3.  tncroooo  In  Radomo  Sir*  lor  Roll • 
Stobllliod  Antonno 

It  should  be  noted,  however,  that  roll-stabilized 
sector  scanners  do  not  Increase  the  swept  vol¬ 
ume,  because  they  can  always  be  designed  In 
such  a  manner  that  the  roll  axis  Is  coincident 
with  the  geometric  center  of  the  scanner,  and 
therefore  may  fit  Into  a  circularly  symmetric 
radome.  In  other  words,  the  scanner  may  be 
designed  to  fit  into  a  radome  that  is  symmetric 
about  the  roll  axis.  This  is  illustrated  In 
Figure  10-4. 


Figaro  10-4,  AalmllySyammtric  Roll-Stohlllzod  Sactor  Sconnot 
u/f/flf  no  fncr+as*  ;n  Rtsdatrf  5 /*• 
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The  swept  volume  of  a  scanner  system  Is  de¬ 
termined  by  the  surface  which  Is  generated  by 
the  antenna  structure  In  its  extreme  condition 
of  stabilized  motion.  This  surface  then  defines 
the  smallest  radome  which  can  house  the  scanner 
system. 


As  an  illustration  let  us  consider  a  typical  de¬ 
sign  problem.  An  antenna  Is  to  be  designed  for 
use  in  a  missile.  The  antenna  must  have  a 
shaped  beam  for  ground  mapping,  and  must 
scan  ±90°  in  azimuth.  The  characteristics  of 
the  missile  require  that  the  antenna  scanner  be 
roll-stabilized,  and  the  tactical  application  re¬ 
quires  that  the  scanner  be  pitch-stabilized 
from  +18°  to  -63°.  The  antenna  system  chosen 
consists  of  two  identical  shaped-beam  antennas, 
back-to-back,  continually  rotating  in  azimuth, 
and  alternately  excited  by  means  of  a  rotary 
switch.  The  roll  axis  is  the  centerline  of  the 
radome,  which  is  symmetric  about  the  longitu¬ 
dinal  axis  of  the  missile.  Clearance  between 
the  radome  Inner  surface  and  the  antenna  re¬ 
flector  is  chosen  to  be  no  less  than  one -half 
Inch  for  all  conditions  of  pitch.  The  resulting 
antenna  outline  drawing  and  the  clearance  curve's 
are  shown  in  Figure  10-5.  The  clearance  figure 
is  generated  by  the  circle  of  smallest  radius 
within  which  the  spinning  antenna  system  Can  fit 
under  all  conditions  of  pitch.  The  radius  of 
this  sphere  must,  of  course,  be  one-half  Inch 
less  than  the  radlusof  the  radome  cross  section, 
to  maintain  the  one-half  Inch  clearance. 


Clearance.  There  is  no  rigid  formula  for 
specifying  the  clearance  criteria  for  any  given 
radome  and  antenna  combination.  The  minimum 
clearance  figure  for  a  particular  antenna  will 
be  determined  by  the  size  of  the  antenna,  the 
type  of  radome  and  Its  construction,  the  condi¬ 
tions  of  shock  and  vibration  which  the  system 
must  experience,  and  the  rate  and  angular  limits 
of  antenna  scar,.  In  general,  small  antennas  will 
be  housed  In  radomes  which  are  relatively 
rigid,  and  consequently  clearances  can  be  small 
also.  In  certain  guided  missiles,  which  contain 
small  conical  scanner  antennas  for  precision 
tracking,  clearances  of  only  a  few  thousandths 
of  an  Inch  can  be  maintained.  On  the  other  hand, 
very  large  antennas,  which,  because  of  their 
size  cannot  remain  truly  rigid  under  conditions 
of  shock  and  vibration,  require  much  greater 
clearance  space  between  the  antenna  and  the 
radome  Inner  wall.  A  clearance  of  at  loast  an 
Inch  will  be  required  for  large  antennas  (i.e., 
airborne-early-warning  antennaB  and  similar 
types).  Clearance,  therefore,  will  range  from  a 
small  fraction  of  an  Inch  for  small  antennas  to 
an  Inch  or  more  for  large  antennas. 


10-4.  Stabilization  for  Various  Types  of 
Antennas 

Scanners  designed  for  search  about  the  azi¬ 
muth  axis  require  either  platform  or  ltne-of- 
sight  stabilization.  Examples  of  such  equipments 
are  long  range  search(airborne-early-warnlng) 
and  navigation  and  bombing  radars.  A  cosecant- 
squared  type  of  beam  is  commonly  used  to  ob¬ 
tain  uniform  ground  illumination  and  maximum 
radar  mapping  range.  Poor  stabilization  results 
in  non-uniform  ground  illumination,  and  this  in 
turn  adversely  affects  the  radar  mapping  pre¬ 
sentation  and  causes  the  maximum  range  of  the 
target  presentation  to  suffer. 

A  disadvantage  of  llne-of-slght  stabilization 
is  the  distortion  that  appears  on  the  PPI  (Plan 
Position  Indicator).  When  the  axis  of  rotation 
Is  not  vertical,  the  plane  of  a  cosecant-squared 
beam  will  be  tilted  away  from  the  vertical  by  an 
amount  equal  to  the  cross-traverse  angle,  and 
Is  dependent  on  the  heading  of  the  scanner  and 
the  attitude  of  the  aircraft.  Consequently  the 
beam  will  intersect  theground  in  a  line  different 
from  the  desired  one.  Ground  tar  gels  will  there¬ 
fore  appear  displaced  from  their  true  positions 
as  Indicated  in  (A)  of  Figure  10-6.  This  condi¬ 
tion  can,  of  course,  be  corrected  by  the  use  of 
platform  or  roll  stabilization  with  consequent 
increase  in  swept  volume. 

Navlgatlon/bomblng  radars  usually  require 
platform,  roll,  or  llne-of-slght  stabilization, 
depending  upon  the  degree  of  azimuth  scan,  mis¬ 
sion  profile  of  the  weapons  system,  and  relative 
stability  of  the  vehicle  in  which  the  radar  is 
mounted.  In  general,  navlgatlon/bomblng  radars 
require  the  greatest  degree  of  stabilization. 
Modern  weapons  systems  may  require  stabiliza¬ 
tion  for  bombing  radars  up  to  ±50°  in  roll  and 
between  the  limits  of  +20°  to  -60°  in  pitch.  Na¬ 
vigational  radars,  of  course,  do  not  demand  such 
a  degree  of  stabilization.  Typical  requirements 
for  navigational  radars  are  ±15°  in  roll  and 
pitch, 

Fire  control  or  gun  atm  radar  for  Interceptor 
aircraft,  tail  warning  and  tall  defense  for 
bombers,  and  seeker  antennas  for  active  and 
semi-active  guided  missiles  generally  do  not 
require  platform  or  Une-of-sight  stabilization 
of  the  antenna  scanner.  This  ts  primarily  due 
to  the  fact  that  the  scanner  performs  u  search/ 
track  function  which  Is  symmetric  with  respect 
to  the  axis  of  the  vehicle.  Roll  stabilization  Is 
sometimes  required,  particularly  If  the  vehicle, 
such  as  a  missile,  Is  not  Itself  roll-stabilized 
to  some  degree.  Roll  stabilization  is  also  re¬ 
quired  for  scanners  whose  search  function  Is 
not  axially  symmetric  with  respect  to  the  line 
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Figure  10-4.  Stan  Tilt  Caused  By  Kail 


of  flight.  For  example,  a  wig-wag  or  palmer 
search  scan  for  a  search/track  radar  should  be 
roll- stabilized  so  that  the  vertical  and  horizontal 
reference  may  be  retained  during  roll  of  the 
aircraft  in  maneuvers.  The  degree  of  roll 
stabilization  for  use  in  modern  high-speed 
aircraft  may  be  as  great  as  ±90°. 

Long  range  search  or  airborne-early-warning 
radar  require  line-of-slght  stabilization;  hut 
the  complexity  and  large  swept  volume  of  plat¬ 
form  stabilization  is  not  justified.  If  the  vertical 
beamwldth  of  the  search  radar  antenna  pattern 
is  sufficiently  broad,  mechanical  stabilization 
will  not  be  needed,  since  all  targets  of  interest 
will  be  within  the  scanned  volume  of  space.  The 


limits  of  stabilization  for  early  warning  radar 
need  not  be  greater  than  ±20°  in  roll. 

Sidewise  search  radar  for  aerial  reconnais¬ 
sance  requires  roll  stabilization  so  that  the 
range  and  presentation  are  r.o*  arivuraoiv  affected 
by  the  roll  of  the  aircraft.  The  stabilization 
may  be  as  great  as  ±30°. 

The  tolerance  permitted  In  the  stabilization 
accuracy  will  vary  with  the  application.  In 
general,  the  tolerance  may  be  stated  in  terms 
of  a  fraction  of  the  beamwldth,  typically  about 
one-fourth  the  beamwldth,  Navigation/bombing 
and  reconnaissance  radars  require  greater 
precision  in  roll  stabilization  for  reasons  which 
have  already  been  discussed.  Typical  specifi¬ 
cations  for  roll  stabilization  accuracy  are 
±1/4  degree. 


Considerable  Importance  must  be  attached  to 
the  proper  location,  vision,  and  axial  orienta¬ 
tion  of  the  radar  antenna  in  its  Installation. 

The  axial  orientation  of  the  antenna  must  be 
accurately  adjusted  to  the  angle  of  attack  of  the 
aircraft  In  normal  flight,  In  order  that  the 
stabilization  reference  is  also  the  inertial  re¬ 
ference,  with  the  vertical  axis  on  the  true  verti¬ 
cal.  This  is  important  because  the  stabilization 
system  Is  relieved  of  excessive  effort  and  re¬ 
sults  in  more  accurate  stabilization  as  well  as 
less  wear  . of  the  moving  parts,  Particularly  in 
the  case  of  unstabilized  navigational  and  bombing 
antennas,  Improper  axial  orientation  causes  an 
uneven  Illumination  of  the  ground,  and  results 
In  the  loss  of  uniform  mapping.  In  the  case  of 
unstablllzed  search  antennas,  such  as  ABW 
radar,  Improper  axial  orientation  causes  the 
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possible  loss  of  low  altitude  targets  at  long 
range  and  may  contribute  to  excessive  ground 
or  seal  clutter.  The  effect  of  roll  on  an  unsta- 
billzed  antenna  Is  shown  In  Figure  10-6. 

The  vertical  axis  of  the  antenna  rotation  must 


be  alined  to  the  vprtira  at  the  best  average  at¬ 
titude  at  which  the  airt  rait  is  expected  to  fly 
operationally.  This  frequently  implies  tlltiiig 
the  axis  slightly  backward  from  the  perpendi¬ 
cular  to  the  fuCC'ZgC  Centerline.  shown  in 
Figure  10-7. 


SECTION  C.  PATTERN  DISTORTION  BY  AIRCRAFT  STRUCTURE 


10-5.  Vision  Requirements 

The  vision  requirements  of  a  radar  installation 
will,  of  course,  be  determined  by  the  purpose 
and  function  of  the  radar  system.  Among  the 
several  different  types  of  radar  systems  used 
in  aircraft  and  missiles  are  the  following: 
(1)  Airborne-Early-Warning  Search  Radar,  (2) 
Height  Finder,  (3)  Navigational  Radar,  (4)  Radar 
Bomb  Sight,  (5)  Aerial  Reconnaissance,  (6)  Guid¬ 
ance  and  Fire  Control  Radar,  (7)  Active  and 
Semi- Active  Homing  Systems,  (8)  Tall  Warning 
and  Tail  Defense  Radar,  and  (9)  Direction 
Finders. 

The  radai  must  have  the  unobstructed  vision 
required  for  its  operation  if  it  is  to  fulfill  the 
purpose  for  which  it  was  intended.  The  antenna 
must  be  housed  in  an  aerodynamleally  acceptable 
radome  which  permits  the  field  of  vision  re¬ 
quired.  Where  a  protrusion  from  the  aircraft 
is  permissible,  vision  and  stabilization  require¬ 
ments  canbe  satisfied  more  readily,  but  it  must 
be  recognized  that  In  many  high  performance 
aircraft  protrusion  of  the  antenna  and  radome  Is 
not  welcome. 

A  very  common  requirement  Is  circular  vision 
of  the  ground  well  out  toward  the  horizon.  The 
only  good  location  for  mounting  the  scanner  Is 
then  below  the  fuselage.  The  problems  of  such 
a  location  include  aerodynamic  drag  and  re¬ 
quirements  for  stabilization.  If  rearward  vision 
is  not  required,  an  antenna  with  circular  scan 
may  be  mounted  just  below  the  nose,  where  the 
radome  can  be  completely  faired  in.  Scanners 
for  fighter- interceptor  aircraft  are  Installed  In 
locations  that  allow  vision  in  the  forward  hemi¬ 
sphere.  Installation  in  the  nose  at  the  aircraft 
is  the  obvious  choice.  It  sometimes  happens, 
however,  that  the  nose  is  not  available  for  radar 
installation,  and  in  such  circumstances  an  ex¬ 
ternal  housing  becomes  necessary.  Possible 
types  of  installation  might  Include  a  wing-tip 
pod,  a  nacelle  faired  into  the  leading  edge  of  the 
wing,  or  a  separate  pod  suspended  beneath  the 
wing.  Scanners  for  protective  fire  control  in 
bombers  are  located  in  a  tail  nacelle  or  other 
such  locations  where  they  can  search  for  and 
track  enemy  fighters  or  missiles  approaching 
from  the  rear  or  other  anticipated  directions. 


10-6.  Placement  of  Radome  and  Nacelle 

In  attempting  to  meet  the  vision  requirements 
of  the  radar  systems,  provision  for  installation 
may  be  made  in  a  great  variety  of  ways.  A 
number  of  radome  placements  are  indicated  In 
the  diagrams  at  Figure  10-8. 

In  (A)  of  Figure  10-8  several  radome  instal¬ 
lations  are  shown  as  part  at  a  large  aircraft. 
Hadome  (1)  permits  approximately  180°  scan  in 
the  azimuth  plane,  with  vision  unlimited  in  the 
downward  direction.  Radomes  (2)  and  (3)  per¬ 
mit  360°  scan  in  azimuth.  Radome  (4)  represents 
an  Installation  for  an  aerial  reconnaissance 
antenna  in  the  fuselage.  Radome(5)  is  the  same 
installation  in  a  pod  suspended  beneath  the  wing. 

In  (B)  of  Figure  10-8  are  shown  (1)  a  radome 
which  forms  a  part  of  the  nose  of  the  aircraft, 
permitting  180°  scan,  and  (2)  a  tali  installation 
permitting  limited  scan  in  the  rear  hemisphere. 

In  (C)  of  Figure  10-8  possible  radome  place¬ 
ments  for  vision  in  the  forward  hemisphere  are 
illustrated:  (1)  a  nose  radome,  (2)  a  wing  na¬ 
celle,  and  (3)  a  wing  tip  pod. 

In  (D)  of  Figure  10-8  AEW  (airborne- early- 
warning)  radomes  on  a  large  aircraft  are  indi¬ 
cated:  (1)  abelly  radome,  and  (2)  a  top  radome. 

In  (E)  of  Figure  10-8  a  nose  radome  on  a  large 
aircraft  is  shown;  in  (F)  a  chin  radome'  and  in 
(G)  a  nose  radome  withan  instrumentation  boom 
extending  from  the  apex  of  the  nose  cone. 

10-7.  Interference  Effects 

In  addition  to  the  refraction  and  reflection 
which  occur  at  the  radome  interfaces,  and  which 
contribute  to  boresight  shift  and  radiation  pat¬ 
tern  distortion,  discussed  In  Chapters  2,  3  and 
4,  there  are  two  types  of  interference  effects 
which  should  be  considered.  These  effects  are 
edge  diffraction  and  skin  reflection. 

Of  course,  other  obstacles,  such  as  pitot 
tubes,  refueling  probes,  guns,  propellers,  pro¬ 
jectiles  and  missiles,  may  present  serious 
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problems  to  the  radar  designer.  The  undesirable 
results  of  placing  an  obstruction  in  the  field  of 
an  antenna  include  attenuation,  boreslght  shift, 
beam  distortion,  and  reflection.  Very  little 
quantitative  data  is  available,  however,  on  the 
effect  of  such  obstacles.  The  reader  wishing 
further  information  la  referred  to  the  biblio¬ 
graphy. 

Edge  diffraction  Is  distortion  of  the  antenna 
radiation  pattern  as  a  result  of  an  edge  dis¬ 
continuity  protruding  into  the  envelope  of  rays 
emanating  from  the  antenna,  or  at  least  ex¬ 
tending  sufficiently  close  so  that  the  edge  is  il¬ 
luminated.  This  causes  reradiation  of  that 
energy  as  If  the  edge  were  another  antenna,  as 


indicated  in  (A)  of  Figure  10-9.  The  original 
field  pattern  now  has  superimposed  upon  it 
another  field  pattern  from  the  radiating  edge. 
Constructive  and  destructive  Interference  oc¬ 
curs,  producing  fringes  in  the  otherwise  unper¬ 
turbed  antenna  pattern. 

The  other  type  of  interference  which  adversely 
affects  the  radiation  pattern  Is  skin  reflection. 
This  is  Illustrated  in  (B)  of  Figure  10-9.  If  the 
rays  from  the  antenna  graze  the  outer  reflecting 
surfaces  of  the  airplane,  it  is  possible  that  re¬ 
flected  energy  will  Interfere  with  the  direct  rays 
and  produce  opposition  and  reinforcement  in  the 
antenna  pattern.  This  results  in  the  appearance 
of  maxima  and  minima  in  the  otherwise  unper¬ 
turbed  pattern. 
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Figure  10-9.  Interfere* ic*  EHecta  Due  to  (A)  D  If  fraction 
and  (B)  R  off  action 


Theie  two  eflectamay  caupe  one  or  more  det- 
rlmental  effects  to  the  radar  performance;  (1) 
they  may  cause  attentuation  of  the  beam  power, 
(2)  they  may  produce  a  deflection  of  the  beam 
to  a  new  and  unsuspected  direction,  and  (3) 
they  may  distort  the  antenna  pattern  and  render 
It  less  effect1  a  in  performance  of  its  function. 

Synthesis  of  Edge  Diffraction  Patterns  —  Anal¬ 
ysis  Based  on  Physical  Optics.  The  exact  anal¬ 
ysis  of  the  effect  of  a  radiated  electric  field 
from  a  directive  antenna  streaming  past  an 
opaque  edge  presents  some  obvious  difficulties, 
The  edge  is  in  the  near  field  of  the  antenna, 
where  the  phase  and  amplitude  of  the  wave  may 
be  rapidly  varying.  The  nacelle  edge  is  clearly 
not  a  knife  edge,  since  it  is  a  cylindrical  section 
of  some  sort,  and  its  physical  position  with  res¬ 
pect  to  the  antenna  is  very  likely  not  constant 
as  the  antenna  scans  in  azimuth. 

The  following  discussion  of  edge  diffraction  is 
presented  for  the  purpose  of  developing  a  physi¬ 
cal  picture  of  the  edge  diffraction  phenomenon. 
The  method  to  be  used  is  based  upon  a  number 
of  assumptions  which  are  somewhat  dubious. 
It  is  hoped,  however,  that  the  discussion  will 
assist  the  reader  to  gain  an  appreciation  of  the 
problems  involved. 

We  assume,  first,  that  the  far-field  power 
pattern  in  the  elevation  piano  produced  by  a 
beam  streaming  past  an  opaque  knife  edge  can 
be  described  by  the  product  of  the  beam  pat¬ 
tern  and  the  Fresnel  diffraction  pattern  of  the 
knife  edge: 


In  which  G(V)  la  'he composite  far -Mr  id  pattern, 
P(tf)  the  unperturbed  far-field  antenna  pattern 
and  F(4)  the  Fresnel  straight-edge  diffraction 
pattern.  The  unperturbed  antenna  pattern  Is 
known,  and  fn?  purposes  Of  II  lustration  will  be 
described  by  a  shaped  beam  for  ground  map¬ 
ping.  In  a  typical  case,  this  pattern  Is  well- 
fitted  by  the  expression 


2  2 

P  (*>  ■  g0  e*p  *  for  4.  <  4  <  4* 

(10-2) 

■  ggRcsc*^  cos  4 lot  4  i 


in  which  4  is  the  angle  of  depression  with  the 
horizon  as  reference;  gQ  is  a  gain  factor;  4\  Is 
an  arbitrary  elevation  angle  determined  by  the 
geogi^try;  4*  is  the  angle  at  which  the  functions 

e“p  0  and  K  esc®  4  cos  meet  in  a  common 
tangent,  and  la  the  maximum  angle  of  the 
shaped-beam  portion  of  the  pattern  and  P  and  K 
are  constants  for  a  given  pattern.  The  param¬ 
eter  P  is  determined  by  the  half -power  beam- 
widtn  of  the  antenna  pattern. 

The  statement  of  Equation  (10-1)  is  open  to 
criticism  because  we  have  assumed  that  the  tar- 
field  pattern  of  the  antenna  is  operated  on  by 
the  edge  diffraction  pattern,  when  the  edge  is 
actually  in  the  near  field  of  the  antenna. 

Our  method,  however,  is  equivalent  to  a  zero- 
wavelength  approximation  for  the  antenna,  by 
means  of  which  we  draw  the  rays  from  the  an¬ 
tenna,  and  then  calculate  the  phase  front  at  the 
plane  of  the  edge  by  geometric  optics.  This 
analysis  is  obviously  not  exact,  but  the  results 
of  similar  analyses  are  found  to  be  surprisingly 
kccurate.®>  3 


Figure  10-10.  Edge  Diffraction 
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The  Fresnel  straight -edge pattern  due  to  a  line 
source  located  at  Point  A  at  a  distance  Sq  behind 
an  opaqueedge  is  obtained  in  the  following  man¬ 
ner.  Determine  the  field  distribution  In  the 
plane  containing  the  edge  and  lying  along  the  y- 
axls  of  Figure  10-10.  The  far  field  is  computed 
by  Integrating  the  equivalent  Huy  gen’s  sources 

4e»  iMa  ti-nlnwe  TV*  nha n*  »Hfl*p*sw>a  hnissna* 

the  field  at  some  point  y  =  B  and  the  field  at  the 
origin  (y  -  0)  Is  expressed  by  2»S  A,  where 


S  =  73^  cos2  <P  -*■  y2  -  SQ  cos  t>  (10-3) 


By  expanding  the  expression  under  the  radical 
by  means  of  the  binomial  expansion,  and  re¬ 
taining  only  the  first  and  second  terms,  we  ob¬ 
tain 


this  becomes 


F(0>  = 


(10-7) 


The  integral  may  now  be  recognized  as  the 
Fresnel  integral,  and  may  he  found  in  the  tahlen 
in  the  form 


y- 

,  ^  -  (10-4) 

2  Sq  cos  * 


the  usual  Fresnel  diffraction  approximation. 
The  Integration  Is  carried  over  the  entire  y- 
plane  from  -  « to  the  edge  at  y  «=  8fl  sin  *, 
hence 


F(*) 


Sq  sin  * 

■  w 


A  2  Sq  cos* 


dy 


2 

(10-5) 


Substituting 


t  =  y 


cos  * 


and  v  ■=  Sq  sin  * 


/ 


XSq  cos 


(10-8) 


The  complex  plot  of  theBe  two  integrals  is  a 
spiral*,  known  as  the  Cornu  spiral,  shown  in 
Figure  10-11.  Except  for  the  cos  *  term  In 
Equation  (10-7),  the  intensity  of  the  straight¬ 
edge  diffraction  power  pattern  lor  each  value  ol 
v  is  given  by  the  Bquare  of  the  chord  from  the 
point  v  =  -®to  v  on  the  spiral.  The  relation 
between  v  and  *  is  given  by  Equation  (10-6), 
Inside  the  shadow  of  the  edge,  the  Intensity 
diminishes  smoothly  to  zero  from  Its  value  cor¬ 
responding  to  the  chord  Irom  v  =  -  <■>  to  the 
origin  of  the  coordinates  tj  ,  f  at  v  =  0.  Outside 
the  shadow,  the  Intensity  increases  to  a  maxi¬ 
mum  and  then  oscillates  in  decreasing  amplitude, 
about  a  mean  value.**  This  is  illustrated  in 
Figure  10-12,  which  shows  the  intensity  dis¬ 
tribution  in  the  Fresnel  straight-edge  diffraction 
pattern. 


As  an  illustration,  consider  the  ground-mapping 
antenna  mounted  In  an  aircraft  with  its  beam 
maximum  In  the  direction  *q  with  respect  to  the 
horizon.  This  angle  of  depression  Is  called  the 
normalization  angle.  As  the  rays  from  the  an¬ 
tenna  pass  the  edge  of  the  nacelle,  edge  diffrac¬ 
tion  may  occur,  and  we  shall  assume  that  the 
rectlllnearly  projected  shadow  of  the  edge  oc¬ 
curs  also  at  the  angle  *  q.  The  distance  Sq  Is 


♦See,  for  example,  J.  C.  Slater  and  N.  H.  Frank, 
Introduction  to  Theoretical  Physics.  McGraw- 
Hill  Book  Co.,  1933,  pp.  315-323, 

**See  pp.  172-1BO  of  Reference  3. 
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the  distance  from  the  edge  to  the  antenna  which, 
as  shown  In  Figure  10-13,  is  30  inches.  The 
antenna  vertical  aperture  is  10  Inches,  and  the 
antenna  projects  from  the  fuselage  2  Inches. 
The  wavelength  Is  1.86  cm  *  0.715  inches.  The 


beamwidth  in  the  elevation  plane  Is  5  1/2°;  the 
angle  of  depression  =  8°.  The  resulting 
composite  pattern  illuminating  the  ground  is  the 
product  of  the  esc2  <t>  cos  <fi  shaped-beam  pat¬ 
tern  by  the  straight-edge  diffraction  pattern. 
The  result  is  shown  in  Figure  10-14. 

This  illustration,  of  course,  represents  an  ex¬ 
treme  condition  not  likely  to  occur  in  a  typical 
installation.  However,  it  will  be  »een  that  edge 
diffraction  produces  a  deflection  of  the  beam 
and  introduces  a  series  of  maxima  and  minima 
into  the  shaped-beam  pattern  which  might  cause 
poor  illumination  of  the  ground. 

Synthesis  of  Surface-Reflection  Interference 
Patterns.  A  thorough  synthesis  of  the  antenna 
secondary  radiation  patterns  in  the  presence  oi 
the  aircraft  fuselage  and  wings  would  be  Im¬ 
mensely  difficult  due  to  the  complexity  of  the 
aircraft  shape  and  task  of  mathematically  de¬ 
scribing  the  Interference  pheonomena.  However, 
one  can  employ  approximate  synthesis  methods 
to  get  a  physical  picture  of  the  pattern  deterio¬ 
ration  that  may  be  expected  due  to  the  proximity 
of  the  reflecting  surfaces  of  fuselage  and  wings. 
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Hie  obviously  complex  shape  of  the  airplane 
makes  It  unsuitable  in  the  evaluation  of  far- 
field  integrals  wherein  one  must  mathematically 
describe  the  shape  of  the  plane’s  reflecting 
surfaces.  A  simplified  planar  model  can  be 
constructed  from  the  specific  aircraft  confi¬ 
guration  and  dimensions.  Consider,  for  example , 
a  large  four-engine  aircraft  whose  wing  Is  per¬ 
pendicular  to  the  fuselage  and  the  wing  root  is 
slightly  above  the  midpoint  of  the  fuselage.  A 
simplified  diagram  of  the  airplane  can  be  con¬ 
structed  as  shown  in  Figure  10-15.  Similarly, 


Flfur*  10-14.  Effect  »f  OlffrttcMwt  wi  Sh np»d  Scam 


simplified  diagrams  can  be  constructed  for 
other  aircraft  to  meet  the  requirements  for  an 
approximate  synthesis  of  the  radiation  pattern. 

The  method  of  analysts  to  be  used  neglects 
the  divergence  of  scattered  energy  due  to  sur¬ 
face  curvature.  We  might,  for  exumple,  calcu¬ 
late  the  currents  Bet  up  on  the  reflecting  sur¬ 
faces,  assuming  them  to  be  proportional  to  the 
incident  field  at  each  point  of  the  aircraft  sur¬ 
face.  A  divergence  factor  to  account  for  curva¬ 
ture  of  the  surfaces  could  be  Introduced,  and  the 
resulting  scattered  field  obtained  as  an  Integral 
over  the  reflecting  surfaces.  A  number  of  dif¬ 
ficulties  present  themselves,  however,  for,  as 
In  the  case  of  edge  diffraction,  the  reflecting 
surfaces  are  in  general  in  the  near  field  of  the 
antonna.  Therefore,  the  method  to  be  presented 
Is  intended  to  develop  a  physical  picture  of  the 
interference  phenomena,  but  it  is  not  presented 
as  an  accurate  analysis. 

With  the  example  sketched  in  Figure  10- 15,  let 
us  assume  that  an  antenna  for  360°  search  is 
mounted  on  the  underside  of  the  airplane  at  the 
position  of  intersection  of  wings  and  fuselage. 
The  antenna  is  approximately  17  by  4  feet  in 
major  dimensions,  operating  at  about  3000 
megacycles,  The  elevation  pattern  of  the  an¬ 
tenna  may  be  affected  by  reflections  from  the 
wing  and  fuselage.  The  antenna  pattern  is  a 
pencil  beam,  approximately  6°  at  half  power  in 
the  verttcal  plane  and  1-1/2°  at  half  power  in 
the  horizontal  plane,  The  pattern  shape  can  be 
described  togood  approximation  by  the  familiar 
exponential  form 
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It  Is  convenient  to  employ  the  error  Integral 
En(x)  defined4  as 


(i)lEn<x)*  ^'‘"dt  (10- 


14) 


then 


Pi  =  [l-El  (P 1  *0>]  [l-®2  (P2  ♦„>]  UO-15) 


which  is  a  simplified  form  for  computation. 


The  interference  pattern  is  now  calculated  by 
the  phase  addition  of  two  sources  spaced  a  dis¬ 
tance  D  apart,  as  shown  in  Figure  10-17.  If  we 


Flf*m  10-17.  AjttamN  Imajud  Jn  fftfficftafSvHbct 


let  Pf  be  the  free-space  pattern  and  Pi  the  re¬ 
lative  strength  of  the  Image,  the  composite  pat¬ 
tern  P*  (*)  In  the  elevation  plane  is  given  by 


P  (/■)  P,  e  '*  k  s,n  1 


(10-16) 


±  P. 


1/2  4 1  rD  sin  -i 


where  the  plus  or  minus  term  Is  chosen  according 
to  the  polar i*.at ion  of  the  h.cidsr.t  radiation.  if 
the  polarization  is  parallel  to  the  plane  of  the 
reflecting  surface,  the  minus  term  Is  taken. 


Fyom  the  geometry  of  the  problem  It  is  ob¬ 
vious  that  the  maximum  effect  of  reflection 
Interference  will  be  experienced  when  the  beam 
1s  directed  forward  or  aft  along  the  fuselage,  or 
directly  sideways  along  the  wing.  A  plot  of  the 
beam  shift  due  to  the  reflection  Interference 
shows  that,  for  the  conditions  of  our  example, 
one  may  expect  downward  beam  shifts  as  the 
antenna  rotates.  For  a  4  1/2°  pitch,  noSe-up, 
the  forward  beam  shift  is  negligible,  but  when 
the  beam  Is  directed  aft,  the  depression  of  the 
beam  as  a  function  of  azimuth  angle  Is  shown  in 
Figure  10-18.  The  aircraft's  normal  flight 
attitude  is  4  1/2°  nose-up.  Obviously  this  de¬ 
pression  angle  will  also  be  a  function  of  the  roll 
of  the  aircraft.  This  effect  is  illustrated  by 
Figure  10-19,  in  which  the  beam  depression  is 
plotted  as  a  function  of  roll  angle.  Note  that  In 
all  cases  the  antenna  is  stabilized  with  Its  main 
beamhorUontal.  Wing-up  roll  has  a  diminishing 
effect;  wing-down  roll  gradually  increases  the 
beam  depression  from  approximately  1/2°  to 
6°  at  8°  roll.  It  Is  immediately  apparent  that 
roll  can  cause  severe  Interference  as  the  angle 
Increases. 

The  beam  depression  caused  by  reflection  is 
also  accompanied  by  the  appearance  of  inter¬ 
ference  maxima  and  minima  in  the  antenna  pat¬ 
tern.  Obviously  the  beam  is  least  affected  in 
wlng-up  roll  or  nose-up  piltch,  when  the  beam 
is  looking  forward  or  sideways.  With  the  beam 
looking  aft,  and  the  plane  in  a  4°  nose-up  attitude, 
the  beam  shape  becomes  a  series  of  sharp  lobes. 
This  pattern  Is  compared  to  the  unperturbed 
elevation  pattern  In  Figure  10-20.  The  lobes  are 
approximately  1°  between  half-power  points, 
3  1/2°  separation.  Similarly,  the  pattern  Is 
distorted  by  reflection  from  the  wing  In  roll. 
For  a  3°  wlng-up  roll  the  pattern  is  essentially 
the  free-space  pattern.  As  the  wing  rolls  down, 
the  pattern  deteriorates  until  it  consists  of  a 
series  of  sharp  lobes,  approximately  1°  oetween 
half-power  points  and  3  1/2°  separation.  This 
Is  Illustrated  by  the  computod  patterns  in  Figure 
10-21  for  3°  wlng-up  roll,0°  roll,  3°  wing-down 
roll,  and  6°  wing-down  roll.  The  pattern  dls- 
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tortions  predicted  by  these  computations  Indicate 
the  type  of  distortions  to  be  expected,  but  are 
probably  worse  than  one  will  encounter  In  prac¬ 
tice  because  the  divergence  caused  by  curvature 
of  the  aircraft  surfaces  tfbuld  reduce  the  effect 
of  the  Image. 


Similar  wing-  or  fuselage- reflection  Interfer¬ 
ence  may  appear  In  the  elevation  pattern  of  a 
ground-mapping  radar.  The  method  of  compu¬ 
tation  of  the  expected  effects  is  slmillar  to  that 
given  above,  with  the  exception,  of  course,  that 
P{,  the  free-space  pattern,  is  shaped  in  elevation 
for  uniform  Illumination  of  the  ground.  Thus,  a 
typical  expression  for  Pf  would  be 


Pf  0  =  Gq  e 


-p2  02 


for^iS  0  £0* 


(10-17) 

=  Gq  K  esc2  0  cos  0  for  0*  i  0  i  0g 


P1  (0)  =  Pf 
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_  1/2  + 1  ~~  sin  *  2 
*  P,  '  e  K 


The  effect  upon  the  shaped-beam  pattern  Is 
similar  to  that  observed  for  the  pencil  beam. 
Maxima  and  minima  In  the  pattern  are produced 
by  the  interfering  reflected  radiation,  and  since 
good  ground  mapping  requires  very  nearly 
uniform  Illumination  of  the  ground  along  the 
beam  track,  these  maxima  and  minima  produce 
light  and  dark  fringes  on  the  radar  presentation.* 

The  most  pronounced  effects  will  occur  under 
conditions  of  roll,  at  which  time  the  fringes  will 
appear  in  the  direction  of  wing-down  roll,  and 
up  or  down  pitch,  at  which  time  the  fringes  will 
appear  either  forward  or  aft  and  along  the  axis 
of  the  aircraft. 


The  measurements  of  the  radiation  pattern  of 
an  actual  installation  are  shown  In  Vol.  26  of  the 
Radiation  Laboratory  Series,  “Radar  Scanners 
and  Radomes.”** 


The  image  pattern  Pj  Is  computed  as  before, 
and  the  interference  pattern  is  the  vector  sum 
of  the  two: 


♦See  pp.  251-3  of  Reference  1. 
♦♦See  pp.  452-54  of  Reference  1. 


elevation  angle  (degrees) 


Flpin  10-20.  Dlatartlan  at  Patfam  by  Rafta&ia*  tram  Fusalapm 
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elevation  angle  (degrees) 


Flgun  10-11.  Dltfart/on  a  I  Pan*  m  ky  R»tl»eH*»  Im n  Wing 


The  antenna  was  installed  In  the  belly  of  the 
aircraft.  The  antenna,  which  was  a  shaped 
cylindrical  reflector  with  line  source,  projected 
4  in.  from  the  skin  line  of  the  aircraft,  thus 
permitting  a  generally  forward  view  along  the 
fuselage.  The  patterns  show  the  ideal  elevation 
pattern,  free  from  interfering  reflected  radia¬ 
tion,  and  the-  pattern  resulting  from  reflection 
from  the  fuselage.  The  antenna  was  looking 
directly  along  the  fuselage  in  the  forward  direc¬ 
tion.  It  is  obvious  that  the  resulting  interference 
pattern  would  affect  the  ground  mapping  presen¬ 
tation. 

10-8.  Nacelle  Clearance 

To  prevent  or  at  least  minimize  the  effects  erf 
edge  diffraction  and  interference  due  to  surface 
reflection,  the  antenna  position  in  the  nacelle 
must  permit  unimpaired  vision  in  all  directions 
of  concern  to  the  system  operation.  Certain 
“rules  of  thumb1'  have  become  accepted  for 
determining  the  minimum  angles  for  clearance 


between  obstructions  and  rays  drawn  from  the 
antenna.  Thus,  all  rays  should  clear  any  ob¬ 
struction  by  1 1/2  Inches,  and  further,  an  angular 
clearance  of  5°  above  the  centerline  of  the 
principal  beam  should  be  provided  to  allow  for 
beam  divergence. 

Microwave  absorber  may  be  used  to  reduce 
some  of  the  adverse  effects  of  reflections  from 
the  nacelle  walls. 

10-9.  Allowable  Pattern  Distortion 

The  allowable  distortion  of  the  radiation  pat¬ 
tern  of  the  antenna  by  edge  diffraction  or  inter¬ 
ference  can  be  determined  only  from  a  knowledge 
of  the  application  of  the  radar  system.  However, 
it  can  be  assumed  that  minima  in  the  pattern 
caused  by  diffraction  or  interference  in  excess 
of  1  1/2  db  are  cause  for  alarm,  as  is  deflection 
of  the  beam  in  excess  of  1/4  beamwidth.  These 
distortion  criteria  are  not  definitive,  since  con¬ 
ditions  will  vary  with  the  requirements. 


SECTION  D.  PATTERN  DISTORTION  BY  AIRCRAFT  ENVIRONMENT; 
EFFECTS  OF  SHOCK  FRONT  AND  TURBULENCE 


10-10.  Introduction 

By  a  simple  extension  of  conception,  the  term 
“radome’’  may  be  thought  of  as  including  the 


air  itself  in  the  vicinity  of  the  aircraft,  at  least 
as  it  may  be  responsible  for  departure  from 
performance  of  the  antenna  in  free-space  con¬ 
ditions.  In  subsonic  aircraft,  these  deviations 
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are  insignificant,  but  at  supersonic  speeds  both 
the  shock  front  and  the  turbulence  in  the  region 
between  the  shock  front  and  the  aircraft  can  in¬ 
fluence  antenna  performance. 

The  air  surrounding  a  supersonic  aircraft  may 
be  divided  into  four  principal  regions.  Thus, 
in  Figure  10-22,  we  have: 


Flguto  10-22.  SacffoN  of  Airfoil  Im  Supm/MOnlc  Flight 


The  Shock  Front.  An  object  moving  at  a  speed 
greater  than  the  velocity  of  sound  produces  a 
head  wave  in  the  atmosphere  which  travels  with 
the  abject.  If  uj  is  the  velocity  of  the  object, 
and  a*  the  velocity  of  sound  corresponding  to 
the  conditions  of  temperature  and  pressure,  the 
Mach  number 


M  =  ~  (10-19) 


When  M  is  greater  than  one,  i.e.,  the  speed  is 
supersonic,  the  pressure  of  the  air  undergoes  a 
rapid  change  along  the  line  which  defines  the 
shock  front  or  head  wave.  If  the  object  enters 
a  medium  whose  pressure  is  P},  the  pressure 
increases  at  the  shock  front,  and  the  velocity  cf 
the  air  enclosed  by  the  shock  front  decreases 
with  respect  to  the  object.  Similarly  the  density 
increases  for  this  wave.  Since  the  speed  has 
decreased,  it  is  also  Inferred  that  the  tempera¬ 
ture  has  Increased. 

The  Boundary  Layer.  Surrounding  the  skin  at 
a  supersonic  aircraft  1b  a  thin  layer  of  air 
characterized  by  large  velocity  and  temperature 
gradients.  The  velocity  of  the  air  relative  to 
the  moving  aircraft  is  retarded  by  friction.  The 
boundary  layer  is  laminar  near  the  leading  edges 
of  the  aircraft  surfaces,  but  becomes  turbulent 
at  the  transition  point,  which  occurs  some 
distance  behind  the  leading  edge. 


The  Air  Prism.  This  may  be  thought  of  as 
the  region  between  the  boundary  layer  and  the 
shock  front.  Although  the  mean  square  fluctua¬ 
tion  of  the  dielectric  constant  has  not  been  meas¬ 
ured,  it  itf  believed  tu  be  taiiiuewiuiL  iiigiier  tiiau 

the  level  in  the  undisturbed  atmosphere. 


[(t)~2  x  10'12]  <10-20> 

The  Wake.  For  a  region  extending  behind  the 
aircraft  the  turbulence  persists,  and  the  flow  in 
the  wake  immediately  behind  the  aircraft  is  :it 
first  subsonic  md  then  accelerates  again  to 
supersonic  speed  at  some  distance  behind  the 
aircraft.  In  addition  to  the  naturally  occurring 
wake,  there  is,  of  course,  the  jet  exhaust,  which 
is  characterized  by  high  temperature  and  ex¬ 
tensive  ionization  of  the  exhaust  gases. 


10- 11.  Transmission  Through  the  Shock  Front 

The  following  analysis,  based  on  weak  shock 
wave  theory,  will  denote  the  effects  on  micro- 
wave  transmission  through  the  shock  front. 
Certain  facts  must  be  noted,  however,  to  de¬ 
termine  the  dielectric  character  of  the  shock 
front. 

It  is  found  that,  given  the  aircraft  velocity  ui 
and  the  velocity  of  sound  a*,  the  velocity  of  the 
air  in  the  air  prism  adjacent  to  the  shock  front 
is 

Ul  =  *2  u2  (10-21) 

and  that  the  ratio  of  densities  in  the  free  air 
and  in  the  air  prism  is 

fl.  =  *2  *  M  M2  ,  (10-22) 

pi  2  +  0.4  hr 

Thus,  a  flow  at  supersonic  speed  after  passing 
through  the  shock  wave  must  be  reduced  to  a 
subsonic  flow.  The  final  pressure,  p2,  is  greater 
than  pi,  the  pressure  in  the  supersonic  flow 
(or  in  this  case,  the  free  air),  and  consequently 
the  shock  wave  is  a  compression  wave.  The 
density  must  also  increase  as  the  flow  passes 
through  the  shock  wave. 

Now  the  dielectric  constant  tr  of  a  gaseous 
medium,  as  given  by  the  Clausius-MosootU  law, 
is  a  function  of  the  density,  and  in  fact,  may  be 
written  in  the  form 
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(10-23) 


Tafcf*  10-7 


=  AP 


viieic  A  is  a  constant  determined  hy  the  atomic 
or  molecular  polarizability  and  the  temperature, 
Consequently,  to  a  first  approximation,  the  di¬ 
electric  constant  £r,  of  the  air  in  the  air  prism 
is  related  to  the  dielectric  constant  £r.  of  the 
free  air  by  the  expression. 


(10-24) 


This  may  be  reduced  to 

£r,  (2*2  +  1)  -  2(«2  -  1) 


r2 


<2  +  2  -  (*2  .  i) 


(10-25) 


Therefore  a  ray  passing  through  the  interface 
between  the  denser  air  of  the  air  prism  and  the 
less  dense  free  air  ahead  of  the  shock  front 
will  experience  refraction  through  an  angle  r 
with  respect  to  the  normal  to  the  shock  front 
given  by  Snell’s  law, 


r 


(10-26) 


where  i  is  the  angle  of  incidence  with  respect  to 
the  normal  to  the  shock  front.  When  Je2/  el 
sin  i  becomes  equal  to  or  greater  than  unity, 
total  reflection  will  occur,  and  no  transmission 
through  the  shock  front  can  exiBt. 


Cr.Mu.!  t'w  7v«e!  niMMriM 
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The  deflection  suffered  by  a  ray  incident  at 
angle  i  on  the  shock  front  is  tabulated  in  Table 
10-11  for  Mach  3.2.  It  is  evident  that  refraction 
by  the  shock  wave  is  small,  but  that  a  boresight 
shift  of  the  radar  beam  might  occur.  This 
boresight  shift  would  not  be  serious  except  at 
high  incidence  angles. 

The  angle  which  the  shock  wave  makes  with 
the  axiB  of  the  aircraft  Is  given  approximately 
by 


* 


(10-28) 


Thus  at  Mach  3,  the  angle  fl  (Indicated  on 
Figure  10-22)  is  20°.  When  the  radar  antenna 
is  pointing  along  the  axis  of  the  aircraft,  the 
angle  of  incidence  will  be  70°.  It  would  appear 
possible,  therefore,  for  the  refraction  at  the 
shock  front  to  Introduce  a  boresight  error  of  a 
few  mlUiradlans  at  targe  Mach  numbers.  Thus 
far,  however,  this  subject  has  received  little 
attention.* 


The  dielectric  constant  of  air  at  standard  at¬ 
mospheric  conditions  of  pressure  and  temper¬ 
ature  is  very  closely 


c.  =  1.000590  (10-27) 

rl 

Thus,  the  critical  angle  at  which  total  reflec¬ 
tion  will  occur  at  various  Mach  numbers  and 
standard  atmospheric  conditions  is  shown  In 
Table  10-1. 


The  data  given  here  is  only  an  approximation, 
based  upon  the  assumption  that  the  air  prism  is 
of  uniform  density  and  the  shock  front  is  a 
sharp  Interface  between  two  homogeneous 
dielectrics. 


*C.  L.  Kober  has  made  a  preliminary  Investi¬ 
gation  of  refraction  and  reflection  by  the  shock 
wave,  but  his  paper  has  not  been  published 
(1956)  and  the  results  were  not  available  to  the 
author  of  this  chapter. 


457 


Tabu  10-n 

Rihaction  at  tJit  Shtck  Wav#  Ur 
Macfi  1.2 


The  shock  front  obviously  cannot  be  a  mathe¬ 
matical  discontinuity.  There  must  be  a  transi¬ 
tion  layer  of  some  sort,  representing  a  shock 
wave  of  finite  thickness.  It  has  been  shown?  that 
the  thickness  of  the  shock  wave  is  of  the  form 


T  =  -  cm  (10-29) 

U1  -  u2 


where  tt8«  10‘5  per  foot  and  h  is  the  altitude 
in  feet.  Consequently,  the  mean-square  fluc¬ 
tuation  of  tiic  ulcicuU  iu  cutiaUm  is  iound  to  be 
very  small,  even  for  very  large  Mach  numbers. 

The  effects  of  the  fluctuations  in  dielectric 
constant  will  be  to  scatter  radiation  incident 
upon  and  passing  through  the  turbulent  boundary 
layer.  In  pulse  radars  the  scattered  noise  power 
from  the  outgoing  pulse  Is  at  too  short  range 
from  the  antenna  to  Interfere  with  a  received 
signal,  and  the  scattered  power  from  the  re¬ 
flected  pulse  is  insignificant  compared  to  the 
reflected  pulse  itself.  On  the  other  hand,  the 
effects  of  turbulence  cannot  be  dismissed  al¬ 
together,  for  it  appears  that  the  boundary  layer 
can  have  serious  effects  on  the  performance  of 
optical  instruments  and  on  the  signal-to-nolse 
ratio  of  some  c-w  radars. 30 

10-13.  Turbulence  in  the  Air  Prism11,  ^ 

Because  of  the  lack  of  reliable  Information  on 
the  nature  of  the  turbulence  in  the  air  prism, 
the  possible  effect  of  scattering  from  turbulent 
air  in  this  region  will  not  be  discussed  further 
here.  In  contrast  with  the  thin  boundary  layer 
having  Intense  turbulence,  it  is  probably  an  ex¬ 
tended  region  containing  relatively  weak  turbu¬ 
lence. 

10-14.  The  Wake 


Angle  of  Incidence 
(degrees) 

20 

30 

40 

50 

60 

70 


Deflection  of  Ray 
(minutes) 
Mach  3.2 

1.0 

1.6 

2.5 

3.5 
5.1 
8.3 


where  uj  and  u,  are  expressed  in  cm/sec. 
Thus  at  Mach  2,  the  thickness  would  be  approxi¬ 
mately  0.25  x  10"4  centimeter.  However,  as 
noted  above,  the  density  of  the  air  prism  is 
certainly  notuuilorm,  which  will  further  modify 
the  behavior  of  the  refraction  by  the  air  prism. 

10-12.  Turbulence  in  the  Boundary  Layer 

It  has  been  estimated*’  that  in  the  typical  super¬ 
sonic  turbulent  boundary  layer,  associated  with 
flow  over  a  flat  plate, 

(~)2  *2.5  x  10'11  M4  (10.30) 

in  which  (5T)2  is  the  mean-square  fluctuation 
of  the  dielectric  constant  and  M  is  the  Mach 
number  aB  defined  earlier.  At  high  altitudes  it 
may  be  assumed,  in  the  absence  of  direct  evi¬ 
dence,  that  A  x  is  proportional  to  the  density, 
which  for  a  standard  atmosphere  gives 


The  flow  of  air  in  the  wake  of  a  body  traveling 
at  supersonic  velocity  is  highly  turbulent.  As 
in  the  case  of  the  turbulent  boundary  layer, 
velocity  of  the  flow,  at  any  given  coordinate 
point  in  the  medium  behind  the  supersonic  vehi¬ 
cle,  is  varying  with  time  in  an  unpredictable 
manner.  Likewise  there  ?re  fluctuations  cf 
tomperature  and  density,  and  consequently 
there  will  also  be  fluctuations  in  dielectric 
constant.  The  meam-square  fluctuation  of  di¬ 
electric  constant  ( A  t  )2  can  be  expected  to  be  of 
the  same  order  of  magnitude  as  that  in  the 
turbulent  boundary  layer.  The  turbulent  medium 
of  the  wake,  however,  is  much  more  extensive 
than  the  thickness  of  the  boundary  layer,  and  it 
is  reasonable  tosuppose  that  the  wake  may  have 
an  influence  on  the  performance  of  antennas 
which  transmit  and  receive  through  it,  such  as 
tail-defense  radar. 

To  earn  some  appreciation  of  the  effect  of 
transmission  through  the  turbulent  wake,  let  us 
examine  the  reduction  in  antenna  gain  produced 
by  the  deviation  of  the  phase  of  the  incident  wave 
from  that  of  a  plane  wave.  It  may  be  shown*3 
that  for  a  small  deviation  the  relative  decrease 
in  gain  caused  by  the  rms  (root- mean-square) 
path  error  a  is 
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AG  4-t2 
~G  =  75 

A 


A2 


and  attenuation  up  to  50  db  per  meter  as  well 
as  considerable  incidental  mnWnUti..  t. ....  > _ 

—  **»»«•»  *»**l  V 

measured  with  Jet  flames  at  X-Band. 14,15 


We  assume  that  the  wake  is  composed  of  a 
random  distribution  of  spherical  eddies  whose 
diameter  is  L.  Then  the  rms  path  error  will  be 
approximately 


A  =  jL(A()  (10-83) 

where  A  e  is  the  rms  difference  in  dielectric 
constant  in  the  turbulent  medium.  This  has 
been  found  earlier  to  be  in  the  order  of  10*5, 
hence  the  relative  reduction  In  gain  will  be 


AG 

G 


a  2.5  X  10'5 


(10-34) 


It  is  immediately  obvious  that  unless  L  is  large 
compared  to  the  wavelength,  little  change  will 
be  experienced  by  the  antenna.  Similarly,  it  Is 
apparent  that  a  considerable  effect  on  the  image 
quality  of  an  optical  system  will  be  felt  as  a 
result  of  transmission  of  light  through  the 
turbulent  region. 


There  exist  in  the  wake  of  the  aircraft  traveling 
at  supersonic  velocity,  in  addition  to  the  tur¬ 
bulent  air,  the  hot  exhaust  gases  of  the  Jet  or 
rocket  propulsion  motor,  When  electromagnetic 
signals  pass  through  an  ionized  medium  such 
as  hot  exhaust  gases  from  a  Jet  engine  or  rocket, 
refraction,  reflection,  absorption,  and  random 
amplitude  modulation  of  the  transmitted  signal 
may  occur.  Beam  deviation  of  as  much  as  15° 


The  absorption  loss  and  reflection  coefficient 
due  to  a  gaseous  medium  with  a  free  charge  is 
determined  by  the  conductivity  of  the  charged 
gaseous  medium,  which  in  turn  is  a  function  of 
the  number  of  free  electrons  per  unit  volume 
and  the  mean  free  time  between  electron  col¬ 
lisions.  In  the  neighborhood  of  the  motor  throat 
the  electron  density  is  known  to  be  in  the  range 
of  lO^  electrons  per  cubic  centimeter.  The 
reoulting  transmission  loss  at  microwave  fre¬ 
quencies  in  the  exhaust  flame  is  in  excess  of  lo 
decibels  per  meter.  However,  the  absorption 
path  length  varies  over  a  very  wide  range,  de¬ 
pending  upon  the  flame  dimensions,  dispersion 
of  the  ionized  gases,  and  direction  of  propaga¬ 
tion.  The  electron  densities  in  the  wake  will 
obviously  differ  from  that  in  the  flame  by  sev¬ 
eral  orders  of  magnitude,  and  consequently  the 
net  absorption  due  to  transmission  through  the 
wake  can  be  expected  to  be  appreciably  less 
than  that  due  to  the  flame  in  the  Immediate 
neighborhood  of  the  motor  throat.  Very  little 
data  is  yet  available,  however,  on  the  effect  of 
transmission  loss  and  reflection  due  to  the 
ionized  exhaust  gases  in  the  wake, 


Up  to  now,  neither  agreement  nordisagreement 
has  been  firmly  established  between  theory  and 
experiment  with  Jet  flames.  Theory  is  difficult 
to  apply  to  the  problem  because  of  the  unpre¬ 
dictable  nature  of  the  flame  boundary  conditions, 
the  difficulty  of  obtaining  accurate  temperature 
measurements,  and  the  difficulty  of  controlling 
fuel  Impurities  and  conditions  of  combustion. 
Further  experiments  and  analysis  must  be  made 
in  order  to  explain  quantitatively  the  attenua¬ 
tion,  beam  deviation,  and  Incidental  modulation 
produced  by  Jet  exhaust  gases. 


GLOSSARY 


Agjrnuth  Axlsn  A  line,  usually  vertical,  about 
which  rotation  In  azimuth  takes  place.  The 

1„n<L^UIJbe  truIy  ver“cal  only  in  a  platform 
stabilized  system. 

Elte-h.Axls,  A  line  perpendicular  to  the  azimuth 
and  to  the  longitudinal  axis  of  the  aircraft 
about  which  rotation  in  elevation  takes  place. 

■Bail.  Axis.  A  line  perpendicular  to  the  azimuth 
and  pitch  axes  about  which  rotation  takes  place, 


Roll.  Rotation  of  an  aircraft  about  its  own 
longitudinal  axis. 


Cross-traverse  Angle.  The  angle,  measured 
about  horizontal  line -of -sight,  between  the 
vertical  plane  through  the  line  of  sight  and 
the  plane  containing  the  line  of  sight  and  the 
azimuth  axis,  (See  Figure  10-6.) 
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INDEX  OF  SYMBOLS 


I.P.D.  Insertion  phase  difference 

a  Insertion  phase  delay 

‘r  Relative  dielectric  constant  of  adlelec- 

tric 

tan  S  Dissipation  factor  of  a  dielectric 

d  Physical  thickness  of  a  radome  wall 

K0  free -space  wavelength 

6  Angle  of  Incidence 

d  Free-space  change  in  interferometer 

spacing  to  produce  balance  when  die¬ 
lectric  wall  Is  inserted  between  the 
horns 

T2  Power  transmission  coefficient 
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Chapter  11 


RADOME  WALL 
MEASUREMENTS  AND  EVALUATIONS 


SECTION  A.  INTRODUCTION 


11-1.  Need  for  Measurements 

In  developing  and  producing  radomes  to  meet 
exacting  electrical  performance  requirements, 
it  Is  generally  desirable  and  often  mandatory 
to  evaluate  the  electrical  properties  of  the 
radome  wall.  Range  tests  to  determine  the 
transmission  and  beam -bending  characteristics 
of  the  radome  maybe,by  themselves,  Inadequate, 
The ^e  remarks  are  particularly  pertinent  to 
the  development  of  radomes  with  half-wave 
walls  or  quarter-wave-face  sandwich  walls  be¬ 
cause  of  the  high  Importance  of  obtaining  the 
design  values  of  the  dielectric  constants  and  the 
wall  thicknesses  in  these  constructions. 

The  first  experimental  step  in  any  careful 
radome  development  should  be  to  make  a  suffi¬ 
ciently  near  perfect  radome  for  precise  en¬ 
gineering  analysis.  Unless  the  model  Is  an 
exact  representation  of  the  engineering  design, 
the  measured  performance  data  may  be  of  little 
value.  Bitter  experience  attests  to  the  fact  that 
a  single  excellent  test  specimen  may  permit  a 
complete  performance  analysts,  whereas  tests 
on  a  hundred  Imperfect  units  may  leave  essen¬ 
tial  questions  unanswered. 

Theoretically,  once  a  satisfactory  design  has 
been  established,  as  confirmed  by  measuring  the 
effects  on  a  radar  beam  of  a  radome  known  to  be 
constructed  as  designed,  no  further  engineering 
evaluation  tests  are  needed.  It  is  only  necessary 
that  meanB  be  provided  for  inspecting  e  pro¬ 
duction  radomes  to  assure  their  bein.  suffi¬ 
ciently  close  to  the  original  model.  In  practice, 
engineering  evaluations  must  be  made  at  the 
start  on  enough  radomes,  perhaps  twenly,  to 


establish  the  maximum  manufacturing  tolerances 
that  can  be  allowed  while  assuring  that  the  de¬ 
sired  performance  characteristics  will  be  ob¬ 
tained. 

In  general,  range  tests  as  a  means  for  inspec¬ 
tion  of  production  radomes  constitute  an  unduly 
costly  and  time -consuming  approach  to  the 
quality-control  problem.  An  inherent  short¬ 
coming  of  range  testB  is  that  the  overall  perfor¬ 
mance  of  the  radome  is  determined  but  the 
specific  deficiencies  of  the  radome  fabrication 
are  not  disclosed.  What  is  needed  are  facilities 
that  will  permit  analysis  of  the  radome  wall  at 
every  point.  Equipment  enabling  such  analysis 
is  not  only  useful  but  Is  often  essential  in  (1) 
research  and  development  studies,  (2)  ensuring 
that  a  test  specimen  is  constructed  as  designed, 
(3)  quality  oontrol,  (4)  economical  production 
inspection,  and  (5)  field  inspection. 

Another  particularly  important  need  for 
radome  wall  analysis  facilities  arises  from  the 
fact  that  the  etectricat  performance  require¬ 
ments  of  some  radomes  for  precision  direction- 
indicating  radars  are  so  exacting  that  the 
radome  must  be  made  to  the  design  values  within 
extremely  small  toterances.  With  these  radomes 
the  allowable  electrical  and  physical  wall  thick¬ 
ness  tolerances  appear  to  be  less  than  can  be 
obtained  with  certainty  by  any  present  pro¬ 
duction  fabrication  technique.  With  analysis 
techniques  available,  it  is  possible  and  practical 
to  avoid  going  to  extremes  in  attempts  to  obtain 
almost  impossible  tolerances  in  the  original 
fabrication.  Instead,  radomes  can  be  made  to 
reasonable  but  insufficiently  small  toterances, 
analyzed,  and  then  corrected  to  be  within  the 
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desired  tolerances.  The  amount  of  correction 
required  can  be  marie  very  small;  it  is  just  the 
wall  thickness  difference  between  reasonably 
obtained  tolerances  and  the  extremely  small 
desired  tolerances.  The  practical  feasibility 
and  practicality  nf  thic  «ort  of  a  procedure  has 
been  firmly  established.1  It  is  important  to 
realize  that,  a  corrected  radome  needs  no  later 
inspection  —  the  radome  has  been  made  to 
specification.  Further,  the  correction  proce¬ 
dure  allows  the  number  of  rejects  of  physically 
sound  radomes  to  be  reduced  to  essentially 
zero. 

The  wall  evaluation  measurements  on  radomes 
with  exacting  performance  requirements  and 
high  incidence  angles  should  be  made  with  higher 
accuracy  than  is  generally  realized,  What  is 
often  not  appreciated  Is  that  If  the  insertion 
phase  difference  (I.P.D,)  of  a  wall  differs  from 
the  design  value  by  only  1.0°  at  a  low  angle,  the 

1. P.D,  may  differ  from  the  design  value  by  a 
much  larger  amount  at  a  high  angle  such  as  80° 

This  important  quantity,  insertion  phase  dif¬ 
ference,  was  defined  by  Equation  (2-47),  Chapter 

2,  and  was  designated  by  T'or  A  -  -T',  depeni- 
ing  on  whether  one  speaks  of  insertion  phase 
advance  or  delay,  respectively.  It  ts  the  dif¬ 
ference  in  the  phase  of  the  field  at  a  point  along 
the  axis  of  propagation  in  the  region  beyond  the 
radome,  with  and  without  the  radome  Inserted. 

11-2.  Quantities  to  be  Measured 

The  measurable  quantities  that  are  significant 
in  the  evaluation  of  radome  walls  depend  on  the 
type  of  wall  construction.  It  is  convenient  for  a 
discussion  of  these  quantities  to  consider  the 
various  constructions  in  three  groups. 

Measurements  on  Sandwich  Walls  with  Light¬ 
weight  Cores.  With  lightweight-core  sandwich 
wall  constructions  the  only  practical  physical 
thickness  measurement  on  a  finished  radome  is 
that  of  the  overall  thickness.  The  skins  can  be 
fabricated  to  have  thicknesses  very  close  to 
known  repeatable  values  by  using  a  specified 
number  of  layers  of  a  particular  glass  cloth  laid 
up  in  a  definite  manner  with  respect  to  Its 
weave.  The  overall  physical  thickness  varia  - 
tions  are  then,  in  the  main,  due  to  core  thick¬ 
ness  variations. 

As  long  as  the  skins  are  reasonably  thin, 
small  variations  in  their  values  of  dielectric 
constant  and  dissipation  factor  are  reduced  to 
secondary  importance;  it  is  sufficient  to  eval¬ 
uate  the  Be  quantities  by  tests  on  small  speci¬ 
mens  of  dielectric  made  as  similar  as  possible 
to  the  skin  material. 


Although  the  magnitude  of  the  I.P.D.  of  a  light 
weight  sandwich  wall  is  sensitive  to  any  varia¬ 
tions  in  thickness  or  dielectric  constant,  meas¬ 
urements  of  the  I.P.D.  alone  appear  to  be  in 
general  of  little  value  for  analysis  in  applica¬ 
tions  wiiei  t*  li  aiisttiission  is  tne  most  important 
requirement;  a  wall  can  differ  from  the  correct 
design  in  more  than  one  quantity  and  yet  have 
the  correct  value  of  I.P.D.  But  the  measure¬ 
ment  of  the  wall  I.P.D.  does  become  important 
if  a  wall  is  ured  in  a  direction-indicating  radar 
radome  where  the  phase  shifts,  as  such,  are  of 
high  importance. 

Simple  local  power-reilectlon-coefticlent  mag¬ 
nitude  measurements  of  all  areas  ai;e  pref¬ 
erable  for  quality  control  and  electrical  Inspec¬ 
tion  of  lightweight-core  sandwich  wall  radomes 
in  general,  The  reflection  measurements  are 
sufficient  to  prove  a  properly  made  radome  to 
be  satisfactory  or  to  reveal  any  existing  areas 
of  Improper  construction. 

Measurements  on  Combinations  of  Solid 
Sheets.  An  important  example  of  a  wall  com¬ 
posed  of  a  combination  of  solid  (nominally 
homogeneous)  sheets  is  found  in  the  inverted- 
sandwich  construction.  It  is  necessary  to 
evaluate  the  I.P.D,  and  the  dielectric  constant 
of  the  quarter-wave  face  layers  of  tins  wall  in 
the  same  manner  and  to  the  same  order  of  pre¬ 
cision  as  is  required  with  a  single-layer  half¬ 
wave  wall.  The  core  dielectric  constant  must 
be  evaluated  with  comparable  exactness,  When 
the  phase  shifts  through  the  total  wall  are  im¬ 
portant,  the  electric  thickness  of  the  core  must 
also  be  accurately  maintained.  The  basic  meas¬ 
urement  problems  are  the  same ,  but  the  actual 
problem  of  producing  a  wall  to  the  design  speci¬ 
fication  Is  very  much  more  difficult  in  the  case 
of  the  inverted  sandwich  than  in  that  of  the  half¬ 
wave  wall;  this  is  because  each  layer  of  the 
sandwich  must  be  individually  and  fully  evaluated 
as  the  radome  is  built. 

The  considerations  are  similar  fur  other  pre¬ 
cision  walls  of  multiple  solid-layer  construction. 
Also  pertinent  in  the  evaluation  of  such  con¬ 
structions  are  essentially  all  of  the  matters  dis¬ 
cussed  for  single-layer  walls  in  the  following 
paragraph. 

Measurements  on  Single-Layer  Walls.  Be  - 
cause  of  the  particular  importance  of  the  half¬ 
wave  wall,  it  will  be  assumed  as  the  basis  for 
the  following  discussion  of  single-layer  walls. 

In  a  homogeneous  single -layer  radome  wall, 
the  quantities  of  importance  are  the  electric 
and  physical  thicknesses  of  the  wall  and  the 
relative  dielectric  constant  cr  and  the  dissipa¬ 
tion  factor  tan  5  of  the  dielectric.  All  but  the 
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last  can  be  determined  with  good  accuracy  by 
nondestructive  testing. 

Primarily  to  offer  some  meaning  to  people 
unacquainted  with  electromagnetic  theory,  the 
electrical  thickness  of  a  radome  wall,  as  op¬ 
posed  to  the  physical  thickness,  is  commonly 
spoken  of,  but  it  is  always  the  insertion  phase 
difference  that  is  measured.  In  a  precision 
direction-pointing  radome  the  perfection  re¬ 
quired  in  the  radome  wall  could  be  met  with 
small  physical  wall  tolerances  only  if  the  wall 
material  were  highly  homogeneous  —  which, 
generally,  it  certainly  is  not.  The  need  for 
homogeneity  in  the  material  arises  because  the 
cardinal  quantity  in  this  type  of  radome  is  not 
how  thick  the  wait  la  physically,  but  how  thick 
it  is  electrically.  The  electrical  thickness  Is 
a  complex  function  of  the  physical  thickness  and 
of  the  dielectric  constant.  Errors  in  either  of 
these  quantities  can  be  equally  damaging; 
further,  if  there  are  errors  In  both,  the  detri¬ 
mental  effects  of  the  two  can  be  additive. 

It  must  be  realized  that  an  evaluation  of  the 
I.P.D.  alone  is  not  sufficient  to  assure  that  the 
wall  is  proper;  the  physical  wall  thickness  must 
also  be  measured.  Two  walls  can  have  identical 
Values  of  I.P.D.  yet  have  different  values  <3f 
physical  wall  thickness  and  dielectric  constant; 
clearly,  if  one  is  the  proper  design  for  a  spe¬ 
cific  performance,  the  other  is  not.  in practice, 


it  is  expedient  to  evaluate  a  wall  by  first  meas¬ 
uring  fK.  physics',  thlckr.vob  lu  insure  that  it  is 
within  a  few  percent  of  the  design  value.  Then, 
as  a  final  criterion,  the  I.P.D,  is  measured. 
When  the  I.P.D.  is  within  design  tolerances, 
which  can  be  made  less  that  1  percent  if  a 
correction  technique  is  employed,  the  radome 
wall  is  assuredly  very  close  to  the  design  re¬ 
quirements.  The  error  in  dielectric  constant 
will  be  no  greater  than  is  accounted  for  in  the 
two  thickness  tolerances. 

The  dielectric  constant  of  a  wall  may  be  de¬ 
termined  from  measurements  of  the  physical 
thickness  and  of  the  I.P.D.  of  the  radome.  wall, 
as  is  discussed  later  in  this  chapter.  If  these 
latter  quantities  are  found  to  be  correct,  the 
dielectric  constant  is  correct. 

The  dissipation. factor  of  a  completed  radome, 
even  when  it  has  a  value  greater  than  0.01,  can 
be  evaluated  by  a  non-destructive  method  with 
only  fair  accuracy.  Fortunately,  the  obtainable 
accuracy  is  usually  compatible  with  the  need; 
its  value  is  not  a  critical  quantity  and  may  not 
even  be  an  Important  quantity  as  long  as  it  re¬ 
mains  small.  Normally  tan  »  is  evaluated  only 
by  auxiliary  measurements  bn  small  specimens 
for  standard  dielectric  teBts,  In  the  remote 
event  that  evaluations  of  tan  i  are  needed  on 
finished  radomes,  they  can  be  obtained  by  the 
free-space  method  described  later  for  measur¬ 
ing  the  value  of  tan  8  of  test  panels. 


SECTION  B,  FACILITIES  FOR  MEASUREMENT 


11-3.  Insertion  Phase  Difference  Measurements 

Choice  of  Method.  The  I.P.D.  of  radome  walls 
has  been  evaluated  by  three  basically  different 
methods.  A  direct  evaluation  of  the  I.P.D.  can 
be  obtained  with  the  traditional  microwave  in¬ 
terferometer,  An  indirect  evaluation  of  the 
I.P.D.  can  oe  made  by  (1)  measuring  the  com¬ 
plex  reflection  of  a  wall  and  calculating  the 
I.P.D.  from  the  results  or  (2)  determining  the 
frequency  at  which  the  wallls  a  half -wavelength 
thick  aB  revealed  by  a  minimum  in  the  reflection 
magnitude.  In  either  case  the  measurement  is 
accomplished  with  a  single-horn  method. 

The  interferometer  method  has  the  basic  ad¬ 
vantages  of  direct  measurement,  higher  accu¬ 
racy  capabilities,  and  absolute  calibration;  the 
interferometer  is  essentially  an  absolute  mea¬ 
surement  instr  ument  in  that  it  is  self -calibrating 
once  the  frequency  is  established.  The  complex- 
reflection  measurement  and  the  minimum-re¬ 
flection  measurement  methods  possess  the  fea¬ 
ture  of 'Using  a  single -horn  test  head  unit  small 
enough  to  be  manually  moved  over  the  exterior 
surface  of  a  radome  for  cursory  evaluations, 


With  some  radome  shapes  it  may  be  mechan¬ 
ically  Inconvenient  to  hold  one  horn  of  an  inter¬ 
ferometer  inside  the  radome,  and  for  this 
reason  a  gage  with  a  single  exterior  horn  may 
appear  to  be  the  preferable  means.  However, 
in  general  it  will  also  be  necessary  to  measure 
the  physical  thickness  of  the  wall.  If,  as  with 
all  methods  in  use  that  arc  suitable  for  quantity 
work,  the  physical  thickness  gage  is  one  requir¬ 
ing  support  of  a  gage  element  inside  the  radome, 
the  interferometer  horn  may  be  supported  by 
the  same  mount  and  offers  little  added  compli¬ 
cation.  Further,  if  the  I.P.D.,  and  probably  the_ 
physical  thickness  as  well,  are  to  be  recorded 
in  such  a  manner  that  the  position  of  any  mea¬ 
surement-on  the  radome  can  be  found  again  later 
so  that  a  thickness  correction  can  be  made,  the 
complication  of  supporting  a  second  horn  is  a 
very  minor  part  of  the  total  facilities  needed. 

It  appears  that  the  single -horn  methods  will 
find  their  principal  use  in  two  sorts  of  appli¬ 
cations.  First,  they  are  convenient  for  cursory 
inspection  in  the  factory  or  in  the  field,  es¬ 
pecially  where  only  a  limited  number  of  radomes 
of  a  kind  are  to  be  checked  and  moderate  accu- 


racy  is  sufficient.  Secondly,  they  can  be  very 
useful  in  quality  control  work  where  the  task  is 
primarily  not  to  determine  the  I.P.D.  with  high 
precision  but  rather  to  assure  that  the  I.P.D, 
of  the  waiio  of  umj  iteirn*  ^jiuuuCcu  Ihw  £•**<£ 
as  that  of  a  master  model. 

Interferometer  Methods  ■—  Basic  Manually 
Balanced  Instrument.  Interferometers  of  the 
basic  type  with  manual  balancing  have  been 
utilized  in  both  experimental  and  production 
checking  of  radome  walls. 

In  Its  simplest  form  the  microwave  interfer¬ 
ometer  is  as  shown  in  Figure  11-1.  Since  this 
instrument,  its  use,  and  its  accuracy  have  been 
carefully  discussed  by  Redheffer  and  others, z>3 
only  a  few  general  comments  on  it  are  given 
here.  However,  many  remarks  in  the  following 
section  on  the  automatic -nulling  interferometer 
are  also  clearly  applicable  to  the  simpler  basic 
instrument  and  its  use. 

The  test  sheet  of  dletectric,  or  radome  wall, 
is  placed  in  the  path  of  the  beam  traveling  in 
free  space  between  two  horns  In  the  test  branch 
of  the  circuit.  The  instrument  is  balanced  by 
matching  at  the  second  tee,  in  amplitude  and 
phase,  the  signal  that  passes  through  the  test 
branch  with  the  signal  traveling  through  the 
reference  branch.  The  signal  amplitudes  are 
matched  by  adjusting  the  attenuator  in  the  ref¬ 
erence  branch.  The  signals  are  matched  in 
phase  by  moving  the  receiving  horn  in  its  axial 
direction  to  alter  the  horn  separation  and  hence 
the  electric  circuit  length.  The  circuit  is  bal¬ 
anced  both  with  and  without  the  dielectric  pres¬ 
ent;  the  difference  in  position  of  the  receiving 
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horn  for  the  two  conditions,  expressed  in  terms 
of  free-space  phase,  is  the  I.P.D.;  i.e.,  it  is 
identically  the  phase  difference  introduced  by 
the  presence  of  the  sheet.  The  situation  is  as 
-< £--1-  ..  ;MaH  nnlo  if  Ihtrt  li  nn  Interaction 

between  the  faces  of  the  wall  and  between  the 
wall  and  the  transmitting  horn.  The  error  in¬ 
troduced  by  Interaction  between  the  panel  and 
the  transmitting  antenna  can  be  partly  elimin¬ 
ated  by  moving  the  panel  one-quarter  wave¬ 
length  along  the  axis  of  propagation  and  aver¬ 
aging  the  readings  so  obtained.3  A  sheet  with 
an  I.P.D.  of  less  than  360°  has  been  assumed; 
if  the  I.P.D.  is  greater  than  this,  the  fact  must 
be  ascertained  by  prior  or  subsequent  knowl¬ 
edge. 

Interferometer  Methods  —  Automatically  Bal¬ 
anced  Instrument.  Precision  interferometers 
for  rapid  continuous  measurement  of  the  in¬ 
sertion  phase  of  every  area  ci  a  radome  wall 
have  been  developed  to  facilitate  the  production 
of  radomes  with  solid  half-wave  and  similar 
walls,*  In  addition  to  the  interferometer 
proper, the  principal  electrical  apparatus  asso¬ 
ciated  with  it  and  necessary  for  the  accomplish¬ 
ment  of  the  complete  task  of  measurement,  re¬ 
cording,  and  playback  to  control  wall  thickness 
correction  apparatus,  are  also  Indicated  In  the 
discussion  that  follows.  The  specific  construc¬ 
tion  and  performance  Information  given  all  per¬ 
tain  to  a  particular  X-band  research  model. 

To  simplify  the  equipment  required  for  auto¬ 
matic  nulling,  the  interferometer  arrangement 
used  is  one  in  which  the  phase  balance  is  inde¬ 
pendent  of  the  magnitudes  of  the  teBt  and  ref¬ 
erence  signals.  The  basic  circuit  shown  in 
Figure  11-2  utilizes  a  phase-sensitive  detector 
in  an  automatic  phase  plotter  circuit  similar  to 
those  described  by  Hines5  and  Bacon.6 

A  1,000-cycle  sinusoidally  modulated  fixed- 
frequency  microwave  signal  is  divided  between 
a  test  and  a  reference  arm.  The  test  arm  signal 
is  passed  through  the  test  dielectric  placed  be¬ 
tween  the  two  microwave  horns  and  Is  then 
brought  to  the  H  arm  of  a  magic  T.  The  refer¬ 
ence  arm  signal  is  brought  through  a  calibrated 
phase  shifter  to, the  E  arm  of  the  magic  T.  The 
colinear  arms  of  the  magic  T  are  identically 
terminated  in  matched  bolometers.  The  two 
bolometer  outputs  are  compared  in  a  bridge; 
the  output  of  the  bolometer  bridge  is  zero  when 
the  difference  in  the  magnitudes  of  the  modula¬ 
tion  frequency  voltages  on  the  bolometers  is 
zero.  As  can  be  understood  from  a  study  of  the 
vector  diagram  of  Figure  11-3,  the  interfero¬ 
meter  is  balanced  and  the  bolometer  bridge  out  ¬ 
put  Is  zero  when  the  test  and  reference  micro- 
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Figure  If -2,  InfeHaremeter  Arrangement  In  which  Photo  it  Independently  of  Amplitude 


wave  signals  imposed  upon  the  H  and  E  arms, 
respectively,  of  the  magic  T  are  90°  out  of 
phase. 

Since  the  interferometer  balance  is  obtained 
by  adjustment  of  only  a  phase -shifter,  the  bal¬ 
ancing  is  readily  made  automatic  by  feeding  the 
bridge  unbalance  signal  to  a  servo  system, 
which  positions  the  phase  shifter.  As  indicated 
in  Figure  11-4,  the  phase  shifter  mechanical 
motions  are  translated  into  electric  signals, 
which  are  sent  to  a  paper  strip  recorder  for 
Information  storage. 

The  size  of  the  area  measured  at  any  time  can 
by  made  small  by  using  a  1-  by  1-inch  trans¬ 
mitting  horn  located  within  an  Inch,  or  less,  of 
the  Interior  radome  surface. 

In  making  precision  phase  shift  measurements, 
the  principal  problem  Is  to  minimize  reflections 
of  microwave  energy  In  the  entire  interfero¬ 
meter  arrangement.  The  goal  Is  to  have  the  or¬ 
iginal  wave  supplied  by  the  microwave  source  at 
the  first  tee  to  be  the  only  wave  passing  through 
the  test  dielectric  or  through  the  calibrated 
phase  shifter,  respectively. 

Phase  shifts  through  reflective  elements  in 
series  are  not  linearly  additive;  a  change  in  the 
phase  shift  through  one  at  the  elements  will  not 
cause  an  identical  change  in  the  total  phase  shift 
through  the  series  of  elements.7  Hence,  if  there 
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Figure  11-3.  Voltage  Vector  Rolotlonthlpt  In  Magic  T  of  Inter • 
ferometer  which  Meoturet  Photo  Independently  of  Amplitude 

is  appreciable  reflection  from  the  phase  shifter 
and  from  one  or  more  other  elements  in  the 
branch  containing  the  phase  shifter,  thcr calibra¬ 
tion  of  the  phase  shifter  will  be  different  when¬ 
ever  the  reflection  from  any  element  in  the 
branch  is  changed.  This  is  assuming  a  reflec¬ 
tive  element  is  causing  an  unwanted  wave  to  pass 
through  the  [rfiase  shifter  in  the  forward  direc¬ 
tion.  Obviously,  the  phase  shifter  must  be  cali¬ 
brated  in  place.  The  same  son  of  considera¬ 
tions  apply  In  the  test  arm.  If  any  appreciable 
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energy  is  reflected  from  the  test  dielectric  and 
re -reflected  to  pass  through  the  test  dielectric, 
accurate  phase  shift  measurement  is  impoBBible. 
This  is  because  the  resultant  wave  arriving  at 
the  magic  T  is  not  in  the  Bame  phase  position 
the  original  wave  alone  would  have  been. 8 

The  microwave  circuits  should  be  carefully 
arranged  with  the  above  facts  in  mind.  The 
transmitting  horn  ib  preferably  oriented  to  make 
an  incidence  angle  with  the  dielectric  surface 
close  to  Brewster’s  angle,  which  is  approxi¬ 
mately  60°  for  the  dielectrics  expected  to  be 
tested;  the  incident  energy  is  parallel  polarized. 
Thus,  the  energy  reflected  from  the  dielectric 
is  m;ni'nized.  A  unidirectional  element  is 
located  just  preceding  the  transmitting  horn  and 
dissipates  most  of  the  energy  reflected  into  this 
horn  from  the  dielectric.  ‘Hie  energy  reflected 
into  the  transmitting  horn  from  the  receiving 
Ic'i  n  is  kept  small  by  isolation  effected  by  horn 
separation.  Unidirectional  elements  are  placed 
on  either  sides  of  the  phase  shifter  to  reduce 


errors  from  reflections  in  the  reference  arm 
elements. 

It  is  impractical  to  maintain  exactly  the  dis¬ 
tance  from  the  transmitting  horn  to  the  radome 
as  the  radome  is  moved  to  permit  examination 
of  different  areas.  Further,  it  is  impossible  to 
obtain  zero  reflection  from  the  radome.  There¬ 
fore,  if  a  radome  of  uniform  electric  thickness 
is  being  tested,  the  indicated  phase  measure¬ 
ment  will  vary  slightly  as  the  radome  is  moved. 
This  effect  cannot  be  reduced  to  an  undetectable 
quantity,  but  to  a  value  sufficiently  small  to 
permit  measurements  with  the  desired  accuracy. 

In  one  Instrument  the  master  phase  shifter 
consisted  of  a  long  thin  quartz  slab  placed  in  the 
E -vector  plane  inside  a  rectangular  waveguide 
with  provision  for  precise  transverse  position¬ 
ing.  It  produced  a  voltage  standing  wave  ratio 
of  1.03  to  1.10,  depending  on  the  slab  location. 
A  maximum  phase  shift  of  300°  could  be  intro¬ 
duced.  A  second  identical  phase  shifter  was 
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inserted  in  the  interferometer  to  allow  Initial 
balancine  with  rhe  master  phase  shifter  at  a 
preferred  scale  position. 

The  microwave  source  must  be  a  highly  stabi¬ 
lized  frequency  source.  Then  the  two  microwave 
branches  of  the  Interferometer  need  be  only 
roughly  the  same  electric  length;  if  the  genera¬ 
tor  is  a  klystron  in  a  stabilized  local  oscillator 
circuit,  the  long-time  frequency  stability  of  the 
generator  can  be  made  about  0,01  megacycle 
and  it  will  not  be  necessary  to  make  the  inter¬ 
ferometer  frequency -insensitive  by  meeting  the 
criterion  for  length  of  lines  and  horn  separation 
for  minimizing  the  effect  of  drift.9  Preferably, 
however,  the  criterion  should  still  be  roughly 
met. 

The  bolometers  must  be  very  well  matched 
both  in  sensitivity  and  in  transient  heating  and 
cooling  characteristics.  Because  of  thermal 
lag,  the  output  of  a  bolometer  receiving  energy 
from  a  sine-wave  modulated  signal  will  not  be  a 
sine  wave.  Further,  If  the  transient  heating  and 
cooling  characteristics  of  the  bolometers  are 
not  the  same,  the  two  bolometer  output  signals 
may  have  a  phase  difference  in  their  fundamental 
components  that  will  make  the  necessary  high- 
sensitivity  null  impossible. 

The  output  of  the  bolometer  bridge  must  oe 
amplified  through  a  narrpw-band  amplifier* 
to  insure  nulling  of  the  fundamental  components 
only.  A  mechanical  tuning  fork  may  be  used  to 
obtain  frequency  stability  in  the  modulation  sig¬ 
nal  generator.  The  output  of  the  narrow-band 
amplifier  is  fed  to  the  amplifier  of  the  servo 
system,  which  positions  the  phase  shifter. 

Considerable  difficulty  may  be  encountered  in 
avoiding  modulation-frequency  magnetic  pickup 
and  extraneous  voltages  in  the  low-signal-level 
circuitry  up  to  the  input  of  the  narrow-band 
amplifier. 

Extensive  use  of  microwave  absorbing  mate¬ 
rial  is  generally  required  to  minimize  back 
reflection  from  structures  and  apparatus  in  the 
general  vicinity  of  the  horns. 

As  a  transducer  for  translating  phase  shifter 
motions  into  electric  voltages  the  d-c  Wheat¬ 
stone  bridge  arrangement,  as  shown  in  Figure 
11-4,  may  be  used.  Identical  multiturn  Helipot 
potentiometers  each  form  two  arms  of  the 
bridge.  The  sliders  of  the  potentiometers  are 
connected  to  the  detector  (a  Weston  D-C  induc- 
tronic  Amplifier),  which  draws  no  current  but 
supplies  a  large  output  signal.  The  motion  of 
the  slider  of  potentiometer  "A”  Is  mechan¬ 
ically  linked  to  the  motion  of  the  phase  shifter. 


This  slider  moves  a  large  fraction  of  the  pr.*»n- 
tiometer  length  when  a  radome  wall  is  Inserted 
between  the  microwave  horns.  But  it  moves 
over  only  small  excursions,  prompted  hy  varia¬ 
tions  in  electrical  wall  thickness,  as  the  radome 
is  moved  and  different  parts  of  the  wall  are 
examined,  The  slider  of  potentiometer  "B"  is 
positioned  so  that  the  bridge  is  balanced  when 
the  radome  wall  thickness  is  the  design  value. 
Then  as  slider  “A”  is  automatically  moved  with 
the  phase  shifter,  the  bridge  output  is  indicative 
of  the  deviation,  or  error,  in  I, P.D.  from  the 
given  design  value.  Over  the  Bmatl  range  used 
in  indicating  the  errors,  the  output  Is  essentially 
linear  with  phase  shift.  The  errors  in  thickness 
for  missile  radome  wallB  with  a  taper  design,  or 
with  any  particular  wall  thickness  variation  de¬ 
sign  whatsoever,  are  readily  indicated  by  simply 
driving  the  slider  of,  potentiometer  "B”  to  the 
position  corresponding  to  the  design  thickness 
required  at  the  spot  being  inspected, 

The  master  phase  shifter  is  calibrated  against 
changes  in  the  free -space  separation  of  the 
transmuting  and  receiving  horns  with  no  dielec¬ 
tric  between  the  horns.  The  receiving  horn  is 
mounted  on  an  axially  movable  mount;  its  posi¬ 
tion  is  read  on  a  precision  dial  gage  with  0.0001 
inch  divisions.  As  one  performance  check,  after 
precise  nulling  the  receiving-io-transmitting- 
horn  separation  should  be  increased  exactly 
one  half  free -space  wavelength.  However,  be 
cause  of  nonuniformity  of  the  field,  an  exact  null 
will  not  exist  at  this  second  position.  The  phase 
shifter  will  have  to  be  moved  slightly  to  obtain 
an  exact  null.  The  allowable  discrepancy 
depends  on  the  overall  instrument  accuracy 
being  sought;  when  necessary  a  correction  ran 
be  made. 

An  important  feature  of  the  design  of  the  inter¬ 
ferometer  arrangement  described  is  that  the 
entire  instrument  can  be  readily  checked  for 
error  by  a  rapid  three-step  procedure; 

1.  Perfection  of  the  bolometer  bridge  balance 
is  assured  by  simultaneous  application  of  the 
identical  test  signal  to  both  inputs  of  the  bridge 
and  obtaining  a  zero  output  signal. 

2,  If  identical  microwave  signals  are  sent  into 
the  colinear  arms  of  the  magic  T,  assurance  of 
a  null  is  obtained  by  removing  the  transmitting 
horn  and  replacing  it  with  a  short.  Only  the  ref¬ 
erence  signal  now  arrives  at  the  magic  T.  By 
virtue  of  previously  checked  perfection  of  the 
tee,  the  reference  signal  should  divide  equally 
Into  the  side  arms  and  their  bolometers.  Only 
lack  of  perfection  In  bolometer  impedance 
match  and  characteristics  can  then  prevent  a 
null. 
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3.  The  master  phase  shifter  calibration  is 
checked  in  the  iuiiuwiug  ui«niiir,  The  shift  in¬ 
curred  due  to  the  insertion  of  the  test  dielec¬ 
tric  is  noted.  Next,  without  the  dielectric 
present,  the  receiving  horn  is  moved  to  cause 
the  identical  change  in  phase  shifter  positions. 
The  shift  of  the  horn  in  terms  of  degrees  of 
electric  phase  is  the  I.F.D, 

An  instrument  has  been  built  in  which  the 
accuracy  of  the  I.P.D.  measurements  has  been 
ascertained  to  be  about  0,5°.  Under  automatic 
operation  the  instrument  always  responds  to 
changes  of  0.16°. 

Single-Horn  Complex -Reflection  Measure¬ 
ment  Method.  A  gage  for  electrical  thickness 
has  been  developed  which  is  basically  a  single¬ 
horn  reflectometer  for  measuring  the  phase  and 
amplitude  of  the  wave  reflected  from  a  radome 
compared  to  a  suitable  reference. 

The  basic  operation  of  the  instrument  can  be 
explained  by  referring  to  the  simplified  func¬ 
tional  diagram  of  Figure  11-6.  A'  microwave 
signal  passes  through  a  bidirectional  coupler 
and  then  through  a  small  probing  horn  to  impinge 
on  the  radome  wall.  Energy  reflected  from  the 


wall  back  through  the  horn  also  passes  through 
the  bidirectional  couple**.  A  rnmnari snn  nf  the 
phase  and  magnitude  of  the  forward  and  reflected 
wave  outputs  of  the  directional  coupler  leads 
to  an  evaluation  of  the  !.PJ>.  of  the  dielectric 
wall.  More  specifically,  reference  settings  for 
the  phase  shifter  and  attenuator  may  be  obtained 
with  the  horn  shorted  by  a  plate  of  metal  to  get 
complete  reflection.  The  device  then  measures 
the  reflection  coefficient  of  the  radome  wall  with 
respect  to  this  reference  termination.  The  in¬ 
strument  is  known  to  be  balanced  when  the  signal 
level  in  the  difference  arm  of  the  magic  T  com¬ 
parator  1b  zero. 

Both  the  reflection-coefficient  magnitude  and 
the  I.F.D.  are  obtained  by  calculations  based 
upon  the  measured  phase  shift  and  attenuation. 
In  practice  the  interpretation  of  the  readings  of 
the  phase  shifter  and  attenuator  dials  Is  accom¬ 
plished  through  the  use  of  a  special  slide  rule 
computer,  graphic  computers,  or  by  actual  com¬ 
putation,  depending  on  the  quantity  and  exactness 
of  the  Information  needed. 

A  model  of  this  instrument  operating  at  X-band 
frequencies  haB  been  carefully  developed  in 
which  only  the  probe  horn,  the  directional 
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couplers,  and  the  microwave  bridge  are  Incor¬ 
porated  Into  a  lightweight  teat  head  which  can  be 
easily  moved  over  a  radome  surface.  The  com¬ 
plete  equipment  Including  a  stabilized  frequency 
source  is  portable.  The  apparatus  is  discussed 
In  detail  In  development  reports,”  Automatic 
balancing  is  planned  In  a  succeeding  model. 

A  disadvantage  of  the  present  instrument  is 
that  the  entire  periphery  of  the  horn  mouth  must 
be  In  contact  with  the  dielectric  surface  or  the 
readings  will  be  changed.  In  practice  this 
means  there  must  be  a  different  empirical 
correction  factor  for  every  different  degree  of 
simple  or  compound  wall  curvature.  This  dis¬ 
advantage  exists  even  In  quality  control  appli¬ 
cations  where  simply  the  phase  shifter  readings, 
rather  than  a  know  ledge  of  the  electric  thickness 
or  reflection  coefficient,  would  suffice.  Also 
because  any  dielectric  wall  placed  over  the 
mouth  of  the  probe  horn  perturbs  the  field,  the 
field  distribution  at  the  mouth  will  be  different 
with  every  different  wall  construction  or  dielec¬ 
tric  constant.  In  careful  work  it  appears  that 
these  phenomena  will  have  to  be  recognized  and 
evaluated.  For  example,  with  a  sandwich -type 
wall  with  nonsymmetrical  skins  the  field  at  the 
mouth  of  the  horn  will  be  different  depending  on 
which  side  of  the  wall  the  horn  is  placed  —  but 
the  wallactually  has  only  one  value  of  I.P.D.  At 
the  present  time  evaluation  tests  of  a  conclusive 
nature  have  not  been  performed.  It  is  antici¬ 
pated  that  with  proper  antenna  design  these  un¬ 
desirable  effects  may  be  reduced. 

The  instrument  does  not  permit  accurate 
measurements  at  the  frequency  at  which  the 
wall  is  a  half-wavelength  thick  at  normal  in¬ 
cidence  if  the  dielectric  has  low  loss;  this  is 
because  the  reflected  signal  will  b«  negligible. 
Shifting  the  frequency  to  obtain  sufficient  re¬ 
flection  is  only  a  slight  inconvenience  in  work 
with  ordinary  dielectrics;  however,  with 
frequency-sensitive  artificial  dielectrics  shift¬ 
ing  from  the  design  frequency  probably  would 
not  be  allowable  and  hence  measurements  could 
not  be  made. 

The  absolute  accuracy  sought  In  the  develop¬ 
ment  of  the  Instrument  Is  1,0  percent  with  a 
sensitivity  of  0.1  percent  at  a  center  X-band 
frequency;  the  accuracy  decreases  at  lower  and 
higher  frequencies. 

Single-Horn  Minimum-Reflection  Method.  The 
I.P.D.  of  a  single-layer  wall  can  be  evaluated 
through  a  measurement  of  the  frequency  at 
which  the  reflection  la  a  minimum.  The  method 
to  be  described  la  baaed  on  the  fact  that  the  re¬ 
flection  at  normal  incidence  from  a  solid  di¬ 
electric  wall  la  a  minimum  when  the  electrical 


thickness  of  the  wail  is  a  whole  number  of  half- 
wavelengtha.  The  method  has  been  carefully 
evaluated  and  1«  now  h»iiw  «>*  intn  practical 
use.12 

The  basic  elements  of  this  single-horn  system 
are  as  Indicated  In  Figure  11-6,  The  oscillator 
is  continually  swept  through  the  frequency  range 
of  interest  at  a  fairly  constant  rate  by  mechan¬ 
ical  or  electronic  means.  The  microwave  os¬ 
cillator  is  isolated  from  the  rest  of  the  system 
by  the  presence  of  a  ferrite  modulator.  The 
small  £ -plane  flared  horn  is  experimentally 
matched  (by  insertion  of  a  small  dielectric  slab) 
to  have  a  standing  wave  ratio  of  less  than  1.05 
over  a  frequency  range  of  8,200  to  10,000  me. 
The  front  of  the  horn  Is  preferably  located  about 
three-quarters  inch  from  the  dielectric  wall  for 
a  1.5  inch  aperture  horn.  The  power  reflected 
from  the  panel  (plus, unavoidably,  that  reflected 
from  the  horn)  is  indicated  by  a  power -ratio 
meter,  which  compares  the  outputs  of  a  forward 
and  reverse  direction  sampling  directional 
coupler.  The  power-ratio  meter  output  is  por¬ 
trayed  as  a  function  of  frequency  on  an  oscillo¬ 
scope.  The  frequency  at  which  the  minimum 
occurs  is  noted. 

Several  fundamental  difficulties  must  be  rec  - 
ognized  in  making  measurements  of  the  part  of 
the  emitted  power  that  is  reflected  back  into  the 
horn  by  the  dielectric.  The  reflection  from  the 
horn  itself  must  be  reduced  to  a  negligible  value 
over  the  operating  frequency  range  to  permit 
sensitive  operation  In  determining  the  minimum 
reflection  from  the  dielectric  wall.  Also,  for 
sensitive  operation  the  general  level  of  the 
reflected  power,  with  respect  to  the  power 
leaving  the  horn,  must  be  as  high  as  possible. 
However,  because  of  the  nature  of  the  near  field, 


Flftm  1U.  Circuit  Arrmnfcmcmt  hr  the  M**l urcmtcl 
mi  Rclltctltn  AmpUimim 


471 


a  placement  ot  tne  dielectric  too  close  to  the 
horn  mouth  will  produce  errors.  These  arise 
from  the  fact  that  the  reflection  from  the  front 
inlerface  of  the  wall  becomes  large  with  respect 
to  that  from  the  rear  interface. 

In  practice,  this  method  has  been  found  capable 
of  yielding  medium-precision  results  if  suitable 
care  Is  taken  in  designing  the  apparatus.  Two 
very  important  Inherent  features  make  this  a 
singularly  attractive  one-horn  measurement 
method.  First,  the  results  are  changed  but 
little  if  the  variations  in  the  wa!l-to-horn  spacing 
are  kept  less  than  ±5  percent;  useful  results  can 
be  obtained  even  if  the  variations  approach  ±10 
percent.  Secondly,  curvature  of  the  radome 
wall  in  itself  is  reported  to  have  but  a  very 
small  effect  on  the  results. 

Ignoring  the  very  small  effect  of  loss,  the 
I.P.D.  of  the  dielectric  wall  in  degrees  is  found 
from  the  following  simple  equation. 

I.P.D.  =  360{--—  Jdegrees  (11-1) 
\2  / 

where  =  the  free-space  wavelength  corre¬ 
sponding  to  minimum  reflection.  It  is  antici¬ 
pated  that  a  repeatability  as  close  as  1°  may  bo 
obtained  with  this  method.  The  absolute  accu¬ 
racy  may  be  much  poorer  than  this. 

11-4.  Reflection  Measurements 

The  very  equipment  used  in  the  above  system 
for  determining  the  I.P.D.  by  the  minimum-re¬ 
flection  method  can  be  used  to  measure  the 
magnitude  of  reflections  at  any  one  frequency. 
The  power-ratio  meter  indicaten  percent  re¬ 
flection  directly. 

In  general,  the  indicated  reflection  will  not  be 
the  true  plane -wave  reflection.  The  discrepancy 
is  due  to  the  “near-field  nature"  of  the  waves 
in  the  dielectric  wall  being  tested.  Different 
readings  will  be  obtained  with  different  horn 
sizes  and  horn-to-walt  separations.  With  light¬ 
weight  sandwich-type  walls  the  error  in  Indi¬ 
cated  power  reflection  coefficient  may  be  as 
little  as  1  or  2  percent  with  the  horn  in  contact 
with  the  surface.  With  a  solid  wall  It  may  be 
found  that  a  small  horn  will  have  to  be  sep¬ 
arated  from  the  walla  large  fraction  of  a  wave¬ 
length  to  obtain  good  correspondence  between 
I  he  indicated  and  the  true  values. 

Nevertheless,  the  method  can  be  highly  useful. 
The  apparatus  is  sensitive  and  the  repeatability 
of  readings  can  be  made  excellent.  Empirically, 
by  taking  readings  on  a  wall  of  similar  con¬ 
strue  lion  whose  performance  is  known  or  can 


be  calculated,  the  apparatus  can  be  calibrated 
for  testing  any  particular  design  of  radome. 
Often  test  conditions  can  be  arranged  so  that  Urn 
indicated  value  may  be  sufficiently  accurate. 

11-5.  Physical  Thickness  Measurements 

Because  of  a  highly  reentrant  shape  or  simply 
because  of  large  size,  with  many  radomes 
rather  special  facilities  are  required  to  obtain 
accurate  measurement  of  the  physical  wall 
thickness.  Even  with  small  nearly  flat  radomes, 
the  measurements  usually  cannot  be  made  with¬ 
out  facilities  that,  although  perhaps  simple, 
must  be  specialty  constructed.  Several 
distinctly  different  types  of  gages  have  been 
developed  for  radome  wall  measurements;  each 
has  unique  advantages  (n  certain  situations. 

Mechanical  Gages.  When  possible  in  the 
simpler  situations,  various  versions  of  large 
throat  mechanical  micrometers  are  used. 
Usually  it  is  most  convenient  to  build  a  device 
with  a  dial  gage  as  the  Indicator  in  a  general 
arrangement  as  shown  in  Figure  11-7.  It  Is 
essential  that  the  axis  of  the  dial  gage  plunger 
and  of  the  anvil  be  well  aligned  and  normal  to 
the  radome  surface.  If  a  wall  has  small  irreg¬ 
ularities  in  its  surfaces,  the  readings  will 
change  slightly  with  radius  of  curvature  of  the 
end  of  the  plunger  and  of  tha  anvil. 

Severe  limitations  are  found  in  the  above  type 
of  gaging  when  the  problem  of  evaluating  a  large 
highly  pointed  radome  is  considered.  The  anvil 
must  be  supported  inside  on  the  end  of  a  boom. 
The  weight  of  the  radome  resting  on  the  anvil 
wilt  cause  the  boom  to  deflect  and  thereby  pro¬ 
duce  a  direct  error  in  the  measurement.  With 
heavy  radomes  the  anvil,  may  indent  the  surface 
and  thereby  cause  additional  error.  When  in¬ 
sufficient  care  is  exercised,  lightweight-core 
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r adorn es  with  thin  Bkins  may  suffer  physical 
damage  due  to  penetration  of  the  end  of  the 
anvil  through  the  inner  skin. 

An  Electromechanical  Gage.  The  arrangement 
with  the  anvil  supported  by  a  boom  would  be 
greatly  improved  if  the  anvil  were  replaced  by 
a  second  dial  gage,  as  shown  in  Figure  11  8, 
Then  the  greatest  loading  that  could  be  exerted 
on  the  boom  would  be  the  insignificant  thrust 
produced  by  the  plunger  of  the  Iqwer  dial  gage. 
Clearly,  the  algebraic  sum  of  the  changes  in 
the  dial  gage  readings,  with  and  without  the 
radome  present,  1b  the  wall  thickness.  Further, 
movement  of  the  radome  wall  in  the  direction 
of  the  axis  of  the  plungers  cannot  alter  the 
reading. 

A  highly  useful  practical  gage  has  been  built 
using  the  above  basic  ideas.*  Refer  to  Figure 
11-9.  The  two  dial  gages  have  been  replaced  by 
electrical  displacement  detection  units,  These 
units  operate  on  the  principle  that  the  mutual 
inductance  of  two  stationary  coils  in  a  unit  is 
altered  when  a  small  slug  of  commonly  shared 
magnetic  core  material  is  displaced  axially; 
this  core  element  is  mounted  on  a  nonmagnetic 
probe  which  becomes  the  equivalent  of  a  dial 
gage  plunger.  By  bucking  the  output  signals  of 
the  two  detection  units  and  feeding  the  difference 
signal  to  a  servo-operated  balance  unit,  and  in¬ 
dication  of  the  algebraic  sum  of  the  motions  of  the 
probe  of  the  upper  and  lower  detection  units  is 
obtained. 

The  radome  wall  can  be  moved  in  the  direction 
of  the  probe  axis  without  introducing  appreciable 
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error  as  long  as  the  pickup  units  are  operating 
In  their  range  of  linearity  —  which  can  be  as 
great  as  0.5  Inch, 

The  upper  sensing  element  Is  preferably  at¬ 
tached  to  a  micrometer -feed  movable  mount 
which,  after  the  indicator  Is  set  to  zero  without 
the  radome  present,  is  raised  precisely  the 
amount  of  the  design  thickness  of  the  radome 
wall.  The  indicator  then  reads  the  error  from 
the  design  thickness.  This  arrangement  allows 
basic  calibration  of  the  Indicator  against  the 
precision  micrometer.  Measurement  accura¬ 
cies  of  0.0005  inch  are  readily  obtained,  The 
displacement  detection  units  and  a  servo-oper¬ 
ated  Indicating  unit  are  commercially  available 
equipment. 

An  Electrical  Gage.  A  gage  that  is  completely 
electrical  in  Its  operation  has  been  developed 
for  measuring  the  physical  thickness  of  dielec¬ 
tric  walls  Independent,  for  all  practical  pur¬ 
poses,  of  tan  s  and  «r  of  the  dielectric.13  The 
operation  of  the  instrument  is  based  on  the  var¬ 
iation  of  the  mutual  inductance  of  two  coils, 
fixed  in  relationship  to  each  other,  when  they 
are  brought  near  a  metal  surface.  Mutual  in¬ 
ductance  is  used  because  a  greater  and  more 
linear  indication  can  be  obtained  than  from 
self -inductance, 

The  two  coils  are  contained  in  a  sensing  head 
about  2.0  Inches  in  diameter  and  5.0  inches 
long  which  is  connected  by  a  convenient  length 
of  cable  to  an  Indicator  and  power  supply  unit. 
The  colls  are  located  in  one  end  of  the  sensing 
head.  After  this  end  of  the  head  is  placed  in 
contact  with  one  surface  of  a  dielectric  sheet, 
the  mutual  Inductance  of  the  coIIr  is  changed 
when  a  thin  sheet  of  metal  is  placed  on  the 
opposite  surface;  the  magnitude  of  the  effect 
will  increase  as  the  thickness  of  the  sheet  is 
decreased, 

The  operating  frequency  is  made  sufficiently 
high  that  the  metal  may  be  aluminum  foil  as 
thin  as  0.003  inch.  The  foil  must  be  in  intimate 
contact  with  the  dielectric  surface,  as  any  air 
gap  between  the  metal  and  the  wall  will  make 
the  indicated  thickness  too  large.  In  practice 
the  sensing  head  is  rocked  to  obtain  a  minimum 
reading;  the  head  is  then  normal  to  the  surface. 
If  the  gage  Is  calibrated  by  measuring  flat 
sheets  of  dielectric,  a  correction  factor  must  be 
applied  when  measurements  are  made  on  a 
curved  surface.  The  correction  must  be  made 
because  of  the  air  gap  that  then  exists  between 
the  bottom  of  tho  sensing  head  and  the  r  rface 
upon  which  it  is  placed;  the  mutual-tnductance 
curve  Is  unchanged  but  the  zero  point  ia  shifted. 
When  a  compound-curvature  surface  haa  one 
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radius  much  larger  than  the  other,  as  in  an 
ogive,  using  the  calibration  for  the  smaller 
radius  of  curvature  will  permit  measurements 
with  good  accuracy.  Gages  can  be  made  to  have 
an  accuracy  of  0.001  inch  and  a  repeatability  of 
Less  than  1  percent. 

An  advantage  of  the  mutual-inductance  gage  is 
that  the  wall  of  a  finished  radome  can  be 
checked  without  any  mechanical  setup.  Also,  the 
gage  has  special  merit  in  that  it  can  be  used  to 
measure  the  physical  thickness  of  a  radome  laid 
up  on  a  metal  mandrel  before  the  radome  is  re¬ 
moved.  Backing  the  dielectric  wall  with  a  mag¬ 
netic  material  such  aa  the  cast  iron  of  a  man¬ 
drel  causes  a  slight  shift  of  the  instrument  zero 
but  does  not  alter  the  slope  of  the  output  curve. 

This  Instrument  is,  of  course,  not  applicable 
to  metal-loaded  wall  structures. 

11-8.  Dielectric  Constant  Evaluation 

The  interferometer  finds  use  in  the  important 
auxiliary  task  of  accurate  nondestructive  deter¬ 
mination  of  the  dielectric  constant  of  solid 
radome  wails  and  test  panels.  Since  the  I.P.D. 


is  mtasured  directly  and  means  can  be  provided 
to  measure  the  physical  wall  thickness  with  a 
high  degree  of  exactness,  the  free -space  meas¬ 
urement  method  allows  not  only  rapid  but  also 
very  accurate  evaluations  of  the  dielectric  con¬ 
stant.  Its  accuracy  is  basically  due  to  the  ab¬ 
sence  of  the  necessity  for  excellent  fits  or  con¬ 
tacts  with  the  metal  surfaces  in  a  waveguide  or 
a  cavity. 

For  normal  incidence,  the  relative  dielectric 
constant  er  in  terms  of  the  wall  thickness,  d, 
and  the  "free-space  insertion  phase  distance," 
d’,  is  (neglecting  lose  and  interaction  between 
the  faces  of  the  wall) 


‘r*(1  +  |')2  Ul-*> 

For  arbitrary  incidence  at  angle  8  with  either 
polarization,  the  corresponding  equation  is** 


<r  s  1  +  cos  0  +  'f  Ul-3) 
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which  becomes 


when  e  -  60°.  This  angle,  being  high  enough  to 
minimize  interaction  between  horn  and  wall  and 
also  being  near  the  Brewster  angle  for  most 
commonly  used  dielectrics,  is  conveniently  suit¬ 
able  for  radome  work.  Good  accuracies  wilt  be 
obtained  from  these  equations  when  the  polari¬ 
zation  is  parallel  and  the  Incidence  angle  is  at 
or  near  the  Brewster  angle.  Plots  of  <r  versus 
d'  /d  for  these  conditions  are  given  in  Reference 
14.  The  quantity  d"  is  identically  the  distance  in 
free -space  having  a  phase  shift  equal  to  the 
l.P.D. 

Aside  from  providing  high  accuracy  in  eval¬ 
uating  homogeneous  dielectrics,  the  interfer¬ 
ometer  iB  uniquely  useful  In  evaluating  slightly 
nonhomogeneous  dielectrics.  For  example 
loaded  dielectrics  may  be  so  nonh  mogeneous 
throughout  a  volume  only  as  large  as  a  wave¬ 
guide  specimen  as  to  make  dielectric  constant 
measurements  almost  meaningless.  But  in  use 
in  radomes  and  lenses  It  Is  the  average  value 
over  a  reasonable  Intercepted  area  which  must 
be  maintained.  The  interferometer  does  in¬ 
herently  measure  the  dielectric  constant  as  an 
average  value  over  an  area  of  suitable  size. 

A  less  accurate,  but  often  sufficiently  accu¬ 
rate,  evaluation  of  dielectric  constant  can  be 
quickly  obtained  by  measuring  the  l.P.D.  with 
the  single -horn  minimum -reflection  method, 

11-7.  Dissipation  Factor  Evaluation 

The  dissipation  factor  of  a  solid  flat  panel  can 
be  determined  with  a  degree  of  accuracy  useful 
In  radome  work  by  a  free-space  measurement. 
Under  certain  environmental  conditions,  in  par¬ 
ticular  that  of  rapid  heating,  this  is  the  only 
approach  developed  that  can  yield  useful  results, 
'Ihe  measurements  can  be  made  with  the  same 
general  type  of  microwave  equipment  as  Is  used 
in  the  conventional  transmission  and  l.P.D,  tests 
on  panels. 

The  method  is  based  on  the  measurement  of 
the  power  transmission  efficiency  under  a  con¬ 
dition  of  minimum  power  reflection;  this  exper¬ 
imental  result  is  used  in  conjunction  with  an 
l.P.D.  measurement  and  calculations  to  evaluate 
the  dissipation  factor  tan  5. 

At  the  specified  frequency,  the  power  trans¬ 
mission  efficiency  is  measured  with  parallel 
polarization  at  sufficiently  close  to  Brewster's 
angle  to  make  the  reflection  very  low.  The  re¬ 
flection  cannot  be  made  zero  because  there  is 
loss  and  because  the  Meld  is  divergent  to  some 


degree  and  only  the  central  ray  can  be  caused 
to  strike  at  Brewster**  #ncjj».  if  the  reflection 
could  be  made  zero,  the  power  transmission 
coefficient,  T2,  would  be  unity  except  for  the 
attenuation  due  to  nhmtr  loss.  Then  tan  S  could 
be  evaluated  accurately.  The  unavoidable  re¬ 
flection  may  give  rise  to  a  small,  but  tolerable, 
error,  since  in  this  method  the  reflection  must 
be  assumed  to  be  zero. 

In  addition  to  T2  the  physical  thickness  d  and 
the  l.P.D.  muBt  be  measured  to  allow  the  eval¬ 
uation  of  tan  *.  Because  the  dielectric  con  ‘ 
stant  and  hence  the  l.P.D,  varies  slowly  with 
frequency  in  the  microwave  region,  it  1b  not 
necessary  to  measure  the  l.P.D.  at  the  trans  ¬ 
mission  measurement  frequency,  but  merely 
at  a  convenient  frequency  not  too  far  removed, 

The  quantities  T2,  d,  tr,and  tan  S  are  related 
by  Equation  (2-47),  Chapter  2.  It  is  not  con¬ 
venient  to  solve  for  tan  6  directly.  Instead,  tan 
&  is  found  by  interpolation  between  curves  re¬ 
lating  it  to  one  of  the  other  parameters,  the  re¬ 
maining  parameters  being  fixed. 

The  quantity  fr  of  the  sheet  is  calculated  from 
the  measured  values  of  d  and  l.P.D.  For  a  par¬ 
ticular  value  of  «r  and  of  d,  a  single  curve  of 
tan  6  vs.  T2  could  be  calculated;  it  would  be  for 
, incidence  at  the  value  of  Brewster's  angle  de¬ 
termined  for  the  given  value  of  <r.  But,  since 
the  curve  would  be  of  no  value  forotl  or  values 
of  cr  and  d,  maximum  benefits  from  the  ealeu  - 
latlons  Will  be  obtained  if,  for  each  of  a  number 
Of  valueB  of  «r,  separate  families  of  curves  are 
prepared,  each  family  with  a  number  of  curves 
for  the  same  selected  values  of  the  parameter 
d.  The  values  of  d  and  of  <r  are  chosen  syj- 
tematically  with  values  straddling  those  ex¬ 
pected  to  be  encountered  in  the  test  panels.  A 
collection  of  such  curves  will  allow  evaluation 
of  tan  6  throughout  their  range  of  values  of  cr, 
d,  and  tan  5  by  Interpolation.  Admittedly,  tan 
5  wilt  usually  be  determined  with  only  fair  to 
poor  accuracy  if  tan  i  is  large,  i.e.,  roughly.  If 
tan  S  >0.02,  But  this  is  not  as  unfortunate  aB  it 
may  seem,  because  there  appears  little  need  to  v  < 
know  tan  8  accurately  In  radome  work  If  tan 
S  >  0,02,  Generally,  it  Is  necessary  to  know 
it  only  with  an  accuracy  of  perhaps  10  percent; 
if  it  is  much  larger,  it  is  only  necessary  to 
know  that  it  is  so  large  and  hence  generally 
an  entirely  unsatisfactory  value.  If  tan  s  is  so 
small  that  it  reduces  T2  very  little  below  unity, 
aLthough  the  accuracy  of  determination  again 
deteriorates,  the  situation  is  again  alleviated 
by  the  fact  that  knowing  roughly  that  tan  s  is  so 
small  is  sufficient  for  radome  work, 

1 1-8.  Measurements  Under  Special  Environment 

Relatively  exact  measurements  of  er.  and. tan 
s  on  small  waveguide  or  cavity  specimens  can 
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be  obtained  at  room  temperature  and  perhaps 
even  at  high  elevated  temperatures  if  sufficient 
time  is  allowed  for  stabilization  of  the  tempera¬ 
tures  to  some  particular  condition  in  the  per¬ 
tinent  parts  of  the  eauioment.  However,  if  what 
is  needed  are  the  electrical  properties  of  a 
dielectric  upon  being  heated  to  a  prescribed  high 
temperature  in  a  particular  short  time  of  less 
than  the  equipment  stabilization  time,  none  of 
the  laboratory  methods  in  which  a  specimen  is 
placed  in  a  test  chamber  and  then  heated  can  be 
used.  These  methods  certainty  cannot  be  used 
if  tiie  material  changes  its  characteristics  at 
elevated  temperature  in  the  time  concerned, 
With  most  plastics  used  in  radomes  the  degree 
of  polymerization  does  change  appreciably  with 
time  at  temperature.  Of  even  greater  impor¬ 
tance  may  be  the  change  in  electrical  properties 
of  specimens  of  material  from  which  moisture 
can  be  driven  out. due  to  the  decrease  in  mois¬ 
ture  content  with  time  at  elevated  temperature. 
Also,  in  general,  the  laboratory  methods  that 
involve-  placing  a  specimen  in  a  chamber  can¬ 
not  be  used  to  obtain  a  direct  answer  if  the 
condition  to  be  simulated  in  one  in  which  a 
temperature  gradient  exists  through  the  wall. 
However,  by  free -space  measuring  methods 
good  measurements  of  «r  and  useful  measure¬ 
ments  of  tan  5  can  be  obtained  under  a  great 
variety  of  conditions  simulating  those  existing 

in  practice. I® 

In  the  free-space  test  for  eithe>  tr  or  tan  6, 
two  sorts  of  equipment  are  needed.  One  part  is 
the  microwave  equipment.  The  second  part  is 
an  environmental  chamber  and  the  associated 
apparatus  for  sliding  a  panel  out  of  the  chamber 
and  into  the  space  between  the  microwave  test 


horns.  In  the  environmental  chamber  arrange¬ 
ments  can  be  made  to  cause  a  panel  to  be  ini¬ 
tially  in  equllib-ium  with  room  temperature  air 
at  a  particular  humidity.  The  panel  can  then  be 
heated  at  anv  rate  compatible  with  the  limita¬ 
tions  of  present  heat  sources;  if  desired,  the 
panel  can  be  heated  fr.im  one  side  only.  Thus, 
the  moisture  and  temperature  conditions  exist¬ 
ing  in  the  radome  at  a  particular  time  in  flight 
often  rpay  be  fairly  well  established  in  a  test 
panel  at  the  time  of  measurement.  Then,  for 
measurement  the  panel  may  be  rapidly  shot  out 
of  the  environmental  chamber  into  a  proper 
position  and  orientation  between  the  microwave 
test  horns.  The  measurement  must  be  made 
rapidly;  l,e.,in  a  few  seconds  in  extreme  cases, 
to  assure  an  evaluation  before  the  dielectric  has 
cooled  significantly.  This  requires  adequate, 
though  not  necessarily  special,  physical  thick¬ 
ness  gages  and  microwave  equipment, 

An  automatic -nulling  interferometer  is  very 
convenient  for  rapidly  measuring  the  I.P.D,  If 
the  instrument  is  preset  roughly  to  the  correct 
value,  a  reading  can  be  obtained  within  several 
seconds  after  the  panel  Is  shot  into  position  by, 
at  that  time,  energizing  the  automatic  nulling 
servo  system  and  then  deenergizing  the  servo 
system  as  soon  as  the  interferometer  balance 
is  obtained,  A  rapid  reading  of  transmission 
efficiency  can  also  be  readily  made. 

If  a  reading  is  obtained  rapidly  and  if  the  panel 
Is  returned  to  the  environmental  chamber  im¬ 
mediately  after  the  measurement  is  made,  cool¬ 
ing  of  the  measuring  apparatus  may  be  unnec  - 
essary , 


SECTION  C,  MEASURED  DATA  AND  ITS  UTILIZATION 


11-9.  Choice  of  Test  Frequency 

The  phase  shift  Incurred  in  passing  through  a 
solid  wall  is  a  function  of  the  dielectric  con¬ 
stant,  With  most  natural  dielectrics  cr  changes 
so  slowly  through  the  X-band  and  lower  micro- 
wave  frequency  band  ranges  that,  for  radome 
work,  te  usually  can  be  assumed  constant 
through  each  band.  In  the  K-band  «r  can  be  as¬ 
sumed  nonvarying  over  limited  frequency 
ranges.  Where  er  can  be  considered  constant, 
I.P.D.  measurements  can  be  made  (for  the  pur¬ 
pose  of  calculating  <r)  at  any  convenient  fre¬ 
quency,  l.e.,  the  operating  frequency  of  an 
available  interferometer,  and  do  not  necessarily 
have  to  be  made  at  the  design  frequency.  The 
I.P.D.  at  the  design  frequency  for  tow-toss  walls 
can  be  calculated  from  the  results  of  measure¬ 


ments  at  another  frequency  through  use  of  the 
equation  for  the  insertion  phase  delay 

A  [Un  _1  (A  tanD)  '  T^cos"]  (1,‘5) 
where  D  =  ^  Jt  r  -  p  with  p  =  sin2  a 

.  _  (tr)2  (1-p)  +  fr  ~  P 

«  "  2er  /1-p  Jc r  -  p 

A,  =  er  +  1  ■  2P 
1  2/H)  y«r  -P 

for  parallel. and  perpendicular  polarizations, 
respectively. 

11-10.  Selection  of  Test  Stations 

Because  of  diffraction  phenomena,  the  far 
field  of  anelectromagnetic  beam  is  only  slightly 
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distorted  by  variations  in  radome  wall  thickness 
over  areas  with  a  maximum  dimension  small 
compared  to  the  antenna  dimensions,  as  long  as 
the  thickness  averaged  over  areas  appreciable 
with  respect  to  that  of  the  radiator  is  the  proper 

tfoliia 

The  above  fact  is  pertinent  to  the  matter  of  the 
selection  of  test  stations  in  measuring  radome 
wall  thicknesses.  It  is  sufficient,  and  not  merely 
an  undesirable  practical  compromise,  to  mea¬ 
sure  radome  wall  thickness  errors  at  stations 
located  at  Intelligently  selected  intervals  rather 
than  to  attempt  to  measure  the  wall  essentially 
everywhere.  The  test  stations  should  be  located 
closer  together  in  the  more  important  areas,  for 
example,  near  the  nose  of  an  ogival  radome 
where  the  power  intensities  are  relatively  large 
at  high  angles  of  incidence, 

11-11.  Value  of  Parallel  Recording  of  Electri¬ 
cal  and  Physical  Thicknesses 

With  radomes  requiring  the  highest  precision 
in  wall  thickness,  facilities  for  continuous  re¬ 
cording  as  the  thickness  gages  scan  the  wall 
area  is  highly  desirable.  Of  particular  value, 
if  the  dielectric  is  not  homogeneous,  is  the  side- 
by-side  recording  on  a  paper  chart  of  the  etec- 
trical  and  physical  thickness  errors.  Where  the 
dielectric  constant  isuniform,  the  records  of  two 
thickness  errors  will  increase  and  decrease 
together.  In  contrast,  if  over  an  area  there  is 
no  physical  thickness  error  but  there  is  an 
electrical  thickness  error,  it  Is  clear  that  the 
dielectric  constant  is  improper.  This  type  of 
information  portrayal  is  invaluable  in  develop¬ 
ing  tooling  and  materials  for  producing  half¬ 
wave  wall  radomes. 

11-12.  Establishment  of  Wall  Thickness  Toler¬ 
ances 

Final  judging  of  the  adequacy  of  the  perfor¬ 
mance  of  any  actual  radome  rests  on  the  re¬ 
sults  of  operational  pointing-error  or  trans¬ 
mission  tests. 

The  allowable  wall  thickness  tolerances  can 
be  established  only  by  pointing-error  or  trans¬ 
mission  tests  on  a  sufficient  number  of  radomes 
of  the  particular  design,  all  of  which  have  thick¬ 
ness  variations  such  that  the  largest  are  close 
to,  but  are  not  in  excess  of,  a  particular  toler¬ 
ance.  The  tolerance  of  the  radomes  in  the  test 
groups  should  be  increased  until  the  maximum 
value  with  which  a  sizeable  group  of  radomes 
will  meet  the  specified  electrical,  performance 
tests  has  been  established. 

With  the  tolerance  established,  the  error  tests 
can  be  eliminated  in  favor  of  thickness  gage 


measurements  for  production  inspec  i<  ~r  half¬ 
wave  wall  radomes  and  reflection  gage  mea¬ 
surements  for  s  .ndwieh-iype  wall  radomes. 

11-13,  Evaluation  of  Radomes  for  Hijrh-Tpm- 
perature  Operation 

Attempts  to  evaluate  the  performance  of  a 
radome  and  its  antenna  at  high  temperatures 
have  been  discouraging.  Therefore,  consider¬ 
able  thought  has  been  given  to  the  matter  oi 
establishing,  from  room-temperatun  tests 
combined  with  calculation,  the  performance 
that  will  be  obtained  when  the  dielectric  is  at 
elevated  temperature.  A  warning  is  sounded 
that  this  procedure  may  not  be  quick  and  simple. 

In  the  case  of  a  half-wave-wall  nose  radome 
with  small  allowable  boresight  errors,  the 
magnitude  of  the  task  can  be  seen  by  a  brief 
statement  of  the  steps  of  what  appears  to  be  a 
reasonable  method. 

Initially,  a  test  radome  is  built  to  operate  at 
about  the  design  frequency  at  room  tempera¬ 
ture.  By  room-temperature  range  tests  the 
boresight-error  performance  at  the  optimum 
frequency  for  the  radome,  as  built,  is  estab¬ 
lished  and  found  to  be  within  the  allowable 
limits  for  the  final  radome  at  high  tempera¬ 
ture;  It  is  then  assumed  that  what  is  required 
is  a  radome  with  a  wall  that  at  the  elevated 
temperature  will  have  I.P.D.  characteristics 
with  as  low  slopes  and  as  little  difference  be¬ 
tween  polarizations,  in  the  range  of  incidence 
angles  of  Importance,  as  the  wall  of  the  test 
model  had  at  room  temperature, 

This  wall  thickness  can  be  established  by 
successive  calculations,  at  the  design  fre¬ 
quency,  of  the  I.P.D.  characteristics  for  thick¬ 
nesses  selected  by  a  cut-and-try  procedure  and 
using  the  high-temperature  values  of  Er,  With 
the  high -temperature  wall  thickness  established, 
the  change  in  thickness  in  cooling  to  room  tem¬ 
perature  and  thus  the  thickness  at  room  tem¬ 
perature  is  found.  The  final  radome,  built  to 
this  thickness,  should  give  very  closely  the 
same  boresight  error  performance  as  the  first- 
evaluated  test  model  did  at  its  optimum  fre¬ 
quency,  if  the  final  radome  is  tested  at  room 
temperature  at  the  frequency 

f  =  ftxy  (11-6) 


where  f(  =  optimum  frequency  of  test  radome, 
dj  =  physical  thickness  of  test  radome, 
d  =  physical  thickness  of  final  design. 
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11-14.  Effect  of  Loss  on  Phase  Shift 

The  presence  of  loss  in  the  dielectric  changes 
the  I. P.D.  of  a  wall  from  the  losslesn-dielectric 
Vului  so  iittis  ss  to  b?  o?  no  nr2,,t!cs! 
quence  In  most  work. 

Even  in  high-precision  half-wave  walls  at  X- 
band,  the  effect  is  so  small  as  to  be  of  no 
Interest  If  the  design  angle  Is  In  excess  of  60°, 
c r  is  in  excess  of  4,  and  tan  5  is  less  than  0.02. 
At  lower  angles  and  smaller  values  of  cr,  the 
magnitude  of  the  effect  should  be  examined  in 
precise  work. 

11-15.  Dielectric  Constant  of  Laminate  Walls 

In  general,  with  a  laminate,  <r  varies  with  both 
polarization  and  angle  of  Incidence.  This  is  be¬ 
cause  tr  has  one  value  for  ths  component  of 
electric  field  lying  in  the  plane  of  the  lamina¬ 
tions  and  another  value  for  the  component  that 
is  normal  to  it. 

The  laminate  may  be  thought  of  as  a  stack  of 
sheets  in  which  alternate  sheets  of  glass  and 
resin  themselves  have,  respectively,  high  and 
low  values  of  er.  The  effective  er  for  the 
stack  is  lower  when  the  electric  field  vector  is 
normal  4o  the  stack  than  when  it  is  parallel  to 
the  sheets.  For  example,  with  a  common  poly¬ 
ester-resin  impregnated  glass-cloth  laminate 
the  values  for  the  two  orientations  were  found 
to  be  er  s  4,2  and  tr  s  4.4,  respectively.  This 
difference  in  iT  is  large  enough  to  necessitate 
its  being  taken  into  account  In  precision  high- 
incidence-angle  radome  design. 

11-10.  Importance  of  the  Effect  of  Moisture  on 
Electrical  Wall  Thickness 

With  most  materials  used,  other  than  solid 
glass  or  ceramic,  the  moiBture  absorption  In  a 
half -wave length  wall  can  be  of  practical  con¬ 
sequence  even  under  moderate  humidity  con¬ 
ditions. 

A  case  of  particular  Interest  Is  found  In  ra- 
domes  for  high-temperature  operation,  In  man¬ 
ufacture  they  are  generally  cured  for  many 
hours  at  a  temperature  as  high,  or  higher  than, 
the  operating  temperature.  At  the  end  of  the 
curing  process  the  finished  radomes  have  a  very 
low  moisture  content.  A  period  of  at  least  a 
number  of  days  is  required  for  the  moisture 
content  to  increase  to  become  stabilized  with 
the  normal  room  conditions.  If  careful  I.P.D, 
measurements  are  made,  it  wilt  be  found  that 
the  electrical  wall  thickness  increases  during 
the  moisture -stabilization  period.  The  increase 
can  be  large  enough  to  be  Important  In  evalua- 


ing  the  most  precise  radomes.  Therefore, all 
testing  of  such  radomes  should  be  made  after 
the  same  degree  of  moisture  stabilization. 

11-17.  Simplification  In  Inspection  Tests 

Both  procedure  and  equipment  for  inspection 
teats  can  generally  he  much  simpler  than  those 
for  engineering  evaluation  tests. 

A  regrettably  vast  amount  of  work  has  been 
expended  In  the  past  on  boresight-error  and 
transmission -efficiency  tests  merely  for  In¬ 
spection  purposes.  To  avoid  continuance  of 
the  situation,  suitable  and  simpler  inspection 
facilities  must  be  made  available  and  a  very 
considerable  amount  of  correlation  data  must 
be  obtained. 

As  exemplified  by  the  apparatus  described  for 
physical  and  electrical  wall  thickness  and  re¬ 
flection  measurements,  sufficient  means  are 
available  to  Implement  rapid,  relatively  low- 
cost,  production -tine  quality-analysis  testing. 

The  principal  deterring  factor  in  putting  these 
tools  into  use  is  the  lack  of  data  establishing 
what  tolerances  can  be  allowed  if  a  particular 
kind  of  radome  is  to  have  at  least  certain  spec¬ 
ified  minimum-performance  characteristics. 
To  obtain  such  data  may  be  an  extensive  or  a 
simple  task,  depending  on  the  radome  shape,  the 
range  of  look  angles,  the  antenna  power  pattern, 
the  quality  required,  and  whether  assurance  is 
needed  that  every  radome  passed  will  be  satis¬ 
factory  or  if  a  statistical  sampling  will  suffice. 

It  does  not  necessarily  follow  that,  for 
Instance,  a  radome  with  very  exacting  bore- 
sight-error  requirements  is  costly  to  inspect. 
A  nearly  flat  honeycomb -core  radome  struck  at 
modestly  tow  incidence  angles  will  produce  only 
extremely  low  boresight  errors  if  it  is  made 
uniformly  without  any  Bkin  laps  or  construction 
defects  such  as  core-cell  filling.  A  simple 
check  for  low  uniform  reflection  with  a  single¬ 
horn  gage  passed  over  all  of  one  surface  will 
give  a  100  percent  check  for  construction 
defects.  If  the  requirements  are  stringent 
enough  and  the  radome  is  small  enough  so  that 
any  with  a  defect  can  be  alscarded,  the  simple 
inspection  suffices  and  the  cost  of  boresight 
testing  every  unit  is  avoided.  However,  a  com¬ 
plicated  situation  will  exist  if  the  requirements 
are  less  exacting  and  modest  defects  become 
permissible;  then  a  large  group  of  radomes 
must  be  tested  on  the  boresight-error  range  and 
examined  with  the  reflection  gage  to  establish 
the  limits  in  the  readings  of  the  latter  which 
occurred  with  radomes  having  acceptable  range 
performance. 
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11-16.  Interpretation  of  Requirements 

Those  esponsible  for  the  effort  of  designing 
r  adorn*,  a  and  proving  them  adequate  often  may 
do  we’l  to  accept  statements  of  performance  re¬ 
quirements  with  a  little  skepticism  and  an  in¬ 
quiring  mind. 

When  a  single  minimum-transmission  or  max- 
imum-boresight -error  limit  is  stated,  it  may  be 
that,  although  the  excellence  in  performance  re¬ 
quested  Is  necessary  at  some  look  angles, 
possibly  It  is  not  needed  at  the  very  look  angles 
where  It  Is  hardest  to  obtain. 

Requirements  are  often  established  by  statis¬ 
tical  studies.  1 1  that  instance  it  may  be  impor¬ 
tant  to  ask  whether,  on  a  statistical  basis,  the 
beam  passes  through  the  most  troublesome 
areas  a  sufficient  fraction  of  the  total  time  to 
make  it  necessary  to  require  the  general  re¬ 
quested  performance  in  that  area.  Occasion¬ 


ally,  it  wltt  be  found  that  the  requirements  can 
be  relaxed  with  very  little  degradation  in  the 
radar  capability. 

With  respect  to  temperature  requirements,  the 
most  often  quoted  figure  is  that  of  the  gas  Just 
outside  of  the  exterior  radome  surface;  the  tem¬ 
peratures  in  the  radome  wall  may  be  much 
low*r  than  this,  expecially  in  the  case  of 
missiles  with  a  short  time  of  flight.  The 
radome  problems  may  be  much  less  difficult 
than  would  be  inferred  from  the  statement  of  a 
single  unqualified  temperature. 

Too  often  radome  requirements  are  accepted 
without  any  inquiry  as  to  how  they  were  estab¬ 
lished.  A  part  of  the  work  of  any  radome  group 
should  be  to  study  the  necessity  of  the  require¬ 
ments  and  to  emphasize  that  any  relaxations  in 
stringent  requirements  will  almost  always  be 
reflected  in  lower  costs  and  higher  production 
rates. 
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INDEX  OF  SYMBOLS 


A 

amplitude  of  the  r-f  signals 

Zoo 

input  Impedance  at  Z  =  0  when 

AFC 

automatic  frequency  control 

the  dielectric  is  terminated  in 
an  open  circuit 

AGC 

automatic  gain  control 

ZR 

load  Impedance 

B 

amplitude  of  the  r-f  signals 

Z8C 

input  impedance  at  z  =  0  when  the 

D 

major  antenna  aperture 

dielectric  Is  terminated  In  a 

dimension 

shorting  plate 

d 

sample  thickness 

Z02 

characteristic  wave  Impedance 

eM 

harmonic  time  dependance 

of  the  dielectric-filled  section 

eM-yz 

z-directlon 

direction  of  propagation 

propagation  behavior  In  z- 
dlrection  for  all  components  of 

*m 

voltage  minimum  position 

vectors  E  and  11 

y 

characteristic  propagation 
constant 

K 

characteristic  or  eigenvalues  of 
the  differential  equations 

y2 

characteristic  propagation  con¬ 
stant  of  the  dielectric-filled 

m(t) 

a  function  that  describes  ampli¬ 
tude  modulation  of  the  teat  signal 

ratio  of  the  voltage  at  two  points 

A 

guide 

known  distance  from  short- 
circuited  end  of  waveguide 

r 

on  either  side  of  the  minimum  to 

A 

total  boresight  error 

the  voltage  at  the  minimum 

Al 

ln-plane  component 

S 

Voltage- standing- wave  ratio 

crosstalk  component 

(In  equations) 

AS 

half  maximum  power  width 

SWR 

voltage -lading- wave  ratio  (In 
text) 

AS 

distance  between  two  points  on 
either  side  of  a  minimum  voltage 

S-B0 

line  length 

AXj 

minimum  width  on  the  shorted 

line  measured  a  distance  Zj 

tan  se 

electric  loss  tangert 

magnetic  loss  tangent 

6<t> 

from  the  short  circuit 
relative  phase  shift 

tan  5 

m 

‘0 

dielectric  constant  of  free  space 

Un  Sw 

attenuation  In  the  guide 

«r 

relative  real  permittivity  or 
relative  dielectric  constant 

TE 

waves  transverse  electric  waves 

«* 

complex  permittivity 

TEM  waves 

transverse  electromagnetic 

TM  waves 

waves 

transverse  magnetic  waves 

guide  wavelength 

K0 

free  space  wavelength 

ZG 

generator  impedance 

complex  permeability 

2  max. 

Impedance  at  a  point  of  maxi¬ 
mum  voltage 

*0 

permeability  of  free  space 

Mr 

relative  real  permeability 

2mln, 

Impedance  at  a  point  of  minimum 

$ 

phase  difference  between  the 

voltage 

amplitudes  of  the  r-f  signals 

20 

characteristic  wave 

V 

two  dimensional  Laplaclan  opera¬ 

Impedance 

tor  taken  In  the  transverse  plana 
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MEASUREMENT  OF  THE  ELECTRICAL 
CHARACTERISTICS  OF  DIELECTRIC  MATERIALS 

AND  RADOMES 


SECTION  A.  REVIEW  OF  WAVEGUIDE  PRINCIPLES 


12-1.  Complex  Permittivity  and  Permeability 

The  fundamental  quantities  that  one  must  con¬ 
sider  ir.  the  choice  of  materials  for  the  elec¬ 
trical  desli  i  of  a  radome  are  the  complex  per¬ 
mittivity  (dielectric  constant)  and  the  complex 
permeability.  For  aimple  mediums  the  electro¬ 
magnetic  field  equations  are  linear,  and  these 
two  quantities  completely  specify  the  material. 
The  complex  permittivity  is  usually  separated 
into  a  real  and  Imaginary  part  as  follows: 

«*.«  -  j«"  „eo«r  (1  -  j  tans,)  (12-1) 

tan  S  ~ and  *_  * — —  (12-2) 

e  i  u<  r  e0 

Here  <o  is  the  dielectric  constant  of  free  space. 
The  dimensionless  quantity  tan  Se  la  called  the 
electric  loss  tangent  and  is  a  measure  of  the 
energy  lows  by  heating  due  to  ohmic  losses  in 
the  material.  The  quantity  <r  is  called  the  rel¬ 
ative  real  permittivity  or  more  simply  the  rel¬ 
ative  dielectric  constant. 


Analogous  to  the  complex  permittivity,  it  is 
convenient  with  certain  types  of  materials  to 
define  a  complex  permeability  to  account  for  the 
magnetic  Iossob  in  the  material.  Thus, 


*  m  -  Is"  «  (1  *  J  fan  5m)  (12-3) 

tan  6_  ■— andM  ■—  (12-4) 

m  u  r  MO 


Herein  is  the  permeability  of  free  space.  The 
quantity  tan  1b  called  the  magnetic  loss  tan¬ 
gent,  and  the  term  nr  1b  called  the  relative  real 
permeability.  Since  the  quantities  £r,  «r,  tan 
8e,  and  tan  bp,  are  all  dimensionless  quantities 
that  completely  describe  the  dielectric  material, 
the  radome  engineer  has,  in  general,  chosen  to 
work  with  these  quantities  rather  than  the  com¬ 
plex  permittivity  and  permeability. 


In  the  lower  frequency  ranges  the  characteris¬ 
tics  of  dielectric  materials  are  of  interest  in 
the  design  of  capacitors,  insulators,  etc.,  and 
over  the  years  a  large  number  of  measuring 
techniques  have  been  devised  to  determine  these 
properties.1’2  These  methods  generally  make 
use  of  the  fact  that  the  dielectric  sample  is  very 
small  compared  to  the  measuring  wavelength. 
Fpr  these  cases,  the  sample  may  be  considered 
as  a  lumped  constant  element.  However,  for 
frequencies  above  several  hundred  megacycles 
it  is  generally  not  feasible  to  make  use  of  the 
lumped  constant  concept  and  measurements  are 
most  easily  made  on  the  basis  of  the  distributed 
circuit  concept  of  transmission  lines.  Wave¬ 
guides  and  coaxial  lines  are  particularly  well 
suited  tor  the  measurement  of  the  characteris¬ 
tics  of  dielectric  materials,  since , the  electro¬ 
magnetic  fields  are  completely  enclosed  in  the 
metal  conductors  and  interference  effects  are 
automatically  eliminated.  In  general,  the  prop¬ 
erties  of  interest  in  these  measurements  are 
Zq,  the  characteristic  wave  impedance,  and  y  , 
the  characteristic  propagation  constant.  Once 
these  two  factors  are  known,  they  may  be  con¬ 
verted  easily  to  «*  and  n*. 
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12-2.  General  Analysis  of  Guided  Waves 

Before  proceeding  toa  discussion  of  the  meas¬ 
urement  of  the  dielectric  parameters,  it  is  well 
to  review  some  of  the  fundamental  properties  of 
guided  waves.3*4  First,  con  jlder  Maxwell’s 
electromagnetic  equations  for  simple  mediums 
with  harmonic  time  dependence 


V  *  fi  +  J*  /  H  =  0  02-5) 

V  *  H  -  j  c  «*  jE  =  0  (12-6) 

V  •  £  «  0  (12-7) 

V  •  H  -  0  (12-8) 

Taking  the  curl  of  Equations  (12-5)  and  (12-6) 
and  solving  the  first  for  R  and  the  second  for  H 
gives, 

V2  E  +  a,2  /I*  *  £  *  0  (12-9) 

V2  H  +  J  M  *  H  =  0  (12-10) 


In  the  discussion  that  follows,  the  direction  of 
propagation  will  be  taken  as  the  z-direction,  and 
it  will  be  assumed  that  the  propagation  behavior 
in  this  direction  may  be  taken  as  el"*  -yr  for 
all  components  of  E  and  H.  Any  suitable  system 
of  coordinates  may  be  "used  to  describe  the 
transverse  fields  that  lie  in  a  plane  normal  to 
the  direction  of  propagation. 

With  this  assumption  we  obtain  the  differential 
equations  that  describe  the  behavior  of  the  z- 
components  of  the  electric  and  magnetic  fields 
in  the  dielectric  region  bounded  by  the  metal 
conducting  walla  of  the  guide. 


posed  on  these  differential  equations  are  deter¬ 
mined  by  the  cross  section  and  the  electrical 
properties  of  the  conducting  guide.  If  we  as¬ 
sume  perfectly  conducting  walls,  the  tangential 

rnmnnnent  nf  fhp  elsrirtr  fluid  must  vanish  over 

the  surface  of  the  guide.  These  boundary  con¬ 
ditions  give  rise  to  a  relation  that  connects  the 
characteristic  propagation  constant,  y,  with  the 
frequency  and  tho  dimensions  of  the  waveguide. 

If  a  quantity  kc  is  introduced,  defined  by 

kg2  a  y2  +  «2  e*  *  (12-15) 

then  the  numbers  kc  are  called  the  characteris¬ 
tic  or  eigenvalues  of  the  differential  equations. 
For  each  eigenvalue  kc  of  the  Equations  (12-11) 
or  (12-12)  there  corresponds  a  function  that 
describes  the  ^-component  of  the  field.  Once 
the  z-componimts  of  the  field  are  known  the 
transverse  components  may  be  easily  derived 
from  the  Maxwell  curl  Equations  (12-5)  and 
(12-6). 

In  the  general  study  of  guided  waves,  it  is  con¬ 
venient  to  divide  the  solutions  into  three  general 
typeB  of  waves  TEM,  TE,  and  TM,  each  of  which 
can  coexist  independent  of  each  other. 

1.  Transverse  electromagnetic  waves  (TEM) 
contain  no  electric  or  magnetic  field  components 
in  the  direction  of  propagation.  They  derive 
their  name  from  the  fact  that  the  electric  and 
magnetic  field  components  are  all  in  the  trans¬ 
verse  plane. 

2.  Transverse  electric  waves  (TE)  contain 
magnetic,  but  no  electric,  fields  in  the  direction 
of  propagation. 


vt2  ke  +  ^2  m*  *  +  r2)  E,  -  o  (12-11) 

t2  H t  +  (a2  /i*  t  +  y2)  HE  -  0  (12-12) 

2 

The  V  (  operator  is  the  two-dimensional  Lapla- 
clan  operator  taken  in  the  transverse  plane.  In 
rectangular  coordinates  it  is 


vt2  F 


^F  a2F 
ax2  3y2 


(12-13) 


and  in  cylindrical  coordinates  it  becomes 

V*T.£l*±iL>±.  £*  (12-14) 

3r2  r  3r  r2  a*2 


3.  Transverse  magnetic  waves  (TM)  contain 
electric,  but  no  magnetic,  field  components  in 
the  direction  of  propagation. 

Detailed  analyses  of  waveguides  operating  in 
these  modes  may  be  found  in  a  number  of  texts 
that  treat  the  transmission  of  waves.  For  con¬ 
venient  reference  the  following  important  re¬ 
sults  for  coaxial,  rectangular,  and  circular 
guides  are  summarised  in  paragraph  12-3.  The 
guide  geometries  are  sketched  in  Figures  12-1, 
12-2,  and  12-3. 


12-3.  Summary  on  Guided  Waves 

a.  Characteristic  wave  impedance  for  TEM 
and  TE  waves 


Thus  the  solution  to  Equations  (12-11)  and  (12- 
12)  give  the  s-components  of  the  electric  and 
magnetic  fields.  The  boundary  conditions  1m- 


(12-16) 


Characteristic  wave  impedance  for  TM  waves 


Flfim  12-2.  Wmf MtMfSw 


z0  = 


(12-17) 


b.  Characteristic  propagation  constant 


r  *  a  +  \/3  =  (kg)^  -  f  (12-18) 


where  kg  =  0  for  TEM  coaxial  mode 

a  o  for  TE  and  TM 

k  2r/mT’')  +  ( n»Y  rectangular  (12-19) 
c  \  a/  \ ¥/  guide  modes 

ftj.  is  given  by  the  equations 

Jn  (kg  a)  ■  0  for  TM  circular  mode  (12-20) 

J'n  (kg  a)  a  0  for  TE  circular  mode  (12-21) 

where  Jnis  a  Bessel  function  of  the  first  kind  of 
orde-  n  and 


Jn  W 
n  3x 


(12-22) 


c.  Cutoff  frequency 


r  *c 


(12-23) 


d.  Cutoff  wavelength 


2" 


e.  Juide  wavelength  (lossless  case) 


(12-24) 


(12-25) 


where  \  *  1  /jus  f  «  wavelength  in  unbounded 
dielectric. 
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SECTION  B.  IMPEDANCE  MEASUREMENTS  USING  A  TRANSMISSION  LINE 


12-4.  Fundamental  Relations 

since  tne  majority  ol  the  methods  for  determin¬ 
ing  the  electrical  characteristics  of  dielectrics 
call  for  an  Input  Impedance  measurement,  It  la 
well  to  review  some  of  ^he  fundamentals  of 
transmission  line  theory.  In  terms  of  the 

parameters  y  andz0,  the  treatment  of  two-con¬ 
ductor  transmission  lines  and  hollow  waveguides 
Is  identical.  Accordingly,  In  this  discussion  no 
distinction  will  be  made  between  the  types  of 
transmission.  In  addition  the  terms  transverse 
electric  and  magnetic  fields  are  used  Inter¬ 
changeably  with  voltage  and  current. 

Consider  the  line  In  Figure  12-4  of  length  s 
having  a  characteristic  propagation  constant?, 
a  characteristic  impedance  Zo>  a  load  Impe¬ 
dance  Zp,and  a  generator  Impedance  Zq.  From 
simple  transmission  Una  theory  the  Input  Im¬ 
pedance  at  any  point  z  is  given  In  terms  of  the 
terminating  impedance  Zp  and  the  properties  of 
the  line  by 


Z(t)  =  Z0 


Zp  +  Zq  tanh  y  z 
Z0  +  Zp  tanh? z 


(12-26) 


The  desired  Impedance  ZRmay  then  be  obtained 
from  a  measurement  of  Z(z)  by  solving  this 
equation.  The  same  operatlonis  commonly  per¬ 
formed  graphically,  In  cases  where  such  meth¬ 
ods  are  sufficiently  accurate,  by  using  an  im¬ 
pedance  diagram  such  as  the  Smith  Chart, 8 


Flpun  12-4.  Trontm lotion  Lino  Nolotlon 

In  mostalr-fllled  microwave  coaxial  and  wave¬ 
guide  transmission  lines  it  Is  permissible  to 
neglect  the  attenuation  in  the  transmission  line 
itself  and  to  assume  With  this  assump¬ 

tion  it  can  be  shown  that  the  input  Impedance  at 
a  point  of  minimum  voltage  (and  maximum  cur¬ 
rent)  on  the  line  is  given  simply  by 


zmln 


(12-27) 


where  S  is  the  voltage  standing  wave  ratio  (SWR). 
Similarly,  the  Input  1  mp c ^ „  ...  —  .uma, ...u u. 
voltage  point  is 


7  -  q*. 

,Jm»x  *• 


(12-28) 


Measurements  of  the  distance  z  to  a  minimum 
or  maximum  voltage  point  and  of  the  SWR  are 
thus  sufficient  to  specify  the  impedance  Zr. 


The  direct  measurement  of  high  SWR’s  presents 
several  experimental  problems.  First,  the 
range  over  which  the  detector  must  respo.id  ac¬ 
cording  to  an  accurate  mathematical  law  may 
be  too  great.  Secondly,  it  is  difficult  to  meas¬ 
ure  the  voltage  at  a  maximum  without  disturb¬ 
ing  the  field.  It  is  desirable,  therefore,  to  de¬ 
termine  the  SWR  from  measurements  made  near 
a  voltage  minimum.  A  common  procedure  for 
dealing  with  relatively  high  SWR  (2  10)  Is  to 
measure  the  distance  Az  between  two  poinis  on 
either  side  ol  a  minimum  (see  Figure  12-5)  and 
the  ratio,  r,  of  the  voltage  at  these  points  to  the 
voltage  at  the  minimum. ®  The  SWR  Is  then  given 
by 


g  ^  (i-Z  -  1)  A  g  (12-29) 

•  fit 

Or,  if  the  points  are  chosen  so  that  their  fields 
are  3  db  in  magnitude  above  those  of  the  mini¬ 
mum,  Equation  (12-29)  becomes  Bimply 

Ss-ll  (12-30) 

•nA  z 

The  ratio  r  may  be  selected  for  convenience  so 
that  a  compromise  between  the  accuracy  of  its 
measurement  and  accuracy  of  the  Az  measure¬ 
ment  is  reached.  The  farther  away  from  the 
minimum  the  measurement  is  made,  however, 
the  greater  will  be  the  probe  disturbance  on  the 
guide  fields. 


466 


Flgvro  12-5.  No  ration  lor  Imp  tdonet  Moo  turomontt 


12-5.  Impedance  Measurement  Using  Slotted 
Line 


The  moat  common  method  lor  measuring  Im¬ 
pedance  at  microwave  frequencies10  la  by  con¬ 
necting  the  impedance  to  a  slotted  low-loss 
transmission  line  or  waveguide  and  measuring 
the  SWR  and  the  distance  from  the  terminating 
impedance  to  a  voltage  minimum  position.  The 
impedance  at  the  minimum,  Zmin,  is  then  given 
by  Equation(12-27),  and  the  desired  impedance, 
ZR,  la  obtained  by  transforming  Zmin  by  Equa¬ 
tion  (12-26)  or  by  Us  graphical  equivalent. 

If  a  low-loss  line  (withy  =J/3)  Is  used  and  the 
impedance  ZR  is  such  that  the  SWR  is  not  too 
high  (line  attenuation  much  smaller  than  load 
attenuation),  Equation  (12-26)  may  be  sim¬ 
plified  to 


Z(n)JZ0 


(ZR  +  j  Z0  tan/Jz) 
(Eg  +  j  ZR  tan/iz) 


(12-31) 


The  line  attenuation  is  thus  neglected,  and  there¬ 
fore  it  is  desirable  to  make  the  measurement 
of  Zmjn  at  the  voltage  minimum  nearest  the  load. 

If  the  line  loss  is  low  (y  5  J/3 )  but  the  load  ZR  is 
such  that  line  attenuation  cannot  be  neglected, 
Equation  (12-31)  may  still  be  used  by  first  cor¬ 
recting  the  value  of  the  measured  Zmtn  as  fol¬ 
lows.  The  lines  losses  may  be  determined  by 
measuring  two  minimum  widths,  one  with  the 
load  ZR  in  place  and  the  other  with  the  load  re¬ 
placed  by  a  shorting  plate.  If  the  loss  In  the 
shorting  plate  is  negligible,  all  of  the  attenuation 
can  be  attributed  to  the  line  and  a  simple  cor¬ 
rection  applies  to  the  measured  value  Az.  Thus 

^corrected  B  ^'measured  '  ~z ^zl^ 

(12-32) 


short,  while  the  scope  of  the  line  is  a  measure 
of  the  widening  of  Azi  per  unit  length  due  to  at¬ 
tenuation  in  the  guide  wall.  Therefore,  the  pro¬ 
duct  of  this  measured  sloDe  tim**  distance 
to  the  voltage  minimum  am  gives  the  correction 
term  that  must  be  subtracted  from  the  measured 
value  of  Az. 

12-6.  Resonance  Method  of  Impedance  Meas¬ 
urement 


An  alternate  method  to  using  a  traveling  detec¬ 
tor  and  a  slotted  line  is  that  of  using  a  fixed  de¬ 
tector  and  a  method  for  varying  the  line  length. 
Usually  the  line  is  fed  by  a  small  loosely  cou¬ 
pled  loop,  which  is  fixed  to  the  face  of  a  mov¬ 
able  shorting  plunger  (Figure  12-6).  An  impor¬ 
tant  requirement  is  that  the  loop  present  a  volt¬ 
age  at  the  face  of  the  plunger  that  is  Independent 
of  the  line  length.  The  fixed  detector  may  be 
placed  at  any  point  in  the  line,  since  it  is  merely 
a  pickup  to  indicate  resonance;  however,  care 
should  betaken  to  see  that  it  is  loosely  coupled. 

The  line  will  be  resonant  when  the  line  length 
s  =  Sq  is  equal  to  the  distance  from  the  load  to 
the  voltage  minimum  zm  for  the  standing- wave- 
ratio  method.  Similarly,  the  half  maximum 
power  width,  As,  of  the  resonance  curve  Is  equal 
to  the  double  minimum  power  width  of  the  mini¬ 
mum-probing  method.  It  is  therefore  evident 
from  Equations  (12-27)  and  (12-31)  that  the  ter¬ 
minating  impedance  is  given  by 


1  -  jS  (an  /3  sn  (12-33) 

and  the  SWR  by  analogy  with  Equation  (12-30) 
is  given  by 


Here  AZj  lathe  minimum  width  on  the  shorted 
line  measured  a  distance  from  the  short  cir¬ 
cuit,  and  zm  is  the  distance  from  the  load  ZR  to 
the  voltage  minimum  where  As  is  measured. 

If  the  loss  in  the  short  Is  not  negligible  It  is 
necessary  to  measure  the  width  az.  at  succes¬ 
sive  voltage  minlmums  along  the  line.  If  these 
values  are  then  plotted  with  dz.  as  ordinates 
against  the  distances  from  the  snort  as  abscis¬ 
sas.  a  straight  line  is  obtained.  The  intersec¬ 
tion  of  this  straight  line  with  the  ordinate  gives 
the  contribution  to  azj  due  to  the  loss  in  the 
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The  loss  in  the  guide  walls  and  shorting  piston 
may  be  determined  by  measuring  the  half-power 
width  of  the  resonance  curve  with  the  load  re¬ 
placed  by  a  shorting  plate.  The  corrected  value 


of  As  is  then  obtained  by  subtracting  this  reso¬ 
nance  width  of  the  shorted  guide  from  the  reso¬ 
nance  width  of  the  guide  terminated  In  the  load 
Zr. 


SECTION  C.  SHORTED- LINE  METHOD  FOR  OBTAINING  DIELECTRIC  PROPERTIES 


'I  he  shorted-line  method,  developed  by  von 
Hippel  and  others,!  I- 17  remains  probably  the 
most  useful  and  satisfactory  method  of  meas¬ 
uring  the  electrical  characteristics  of  dielec¬ 
trics.  For  this  reason,  (he  discussion  is  limited 
to  this  method  rather  than  trying  to  cover  all  of 
the  methods  that  have  been  reported.  18 

In  the  shorted- line  method  for  measuring  di¬ 
electric  properties,  one  places  the  sample  at  a 
known  distance,  A,  from  the  short-circuited  end 
of  a  waveguide  (Figure  12-7).  The  input  impe¬ 
dance  (z  =  0)  Is  measured  for  two  different 
values  of  A .  The  values  of  the  relative  dielec¬ 
tric  constant,  <n  the  relative  permeability,  pr, 
the  electric  loss  tangent,  tan  »e,  and  the  mag- 
tiotlc  loss  tangent,  tan  Sm,  can  then  be  calcu¬ 
lated  from  the  two  measured  values  of  input  im¬ 
pedance.  In  theory,  any  two  different  values*  of 
A  can  be  used  todetermine  completely  the  prop- 
perties  of  the  dielectric.  In  practice,  however, 
the  calculations  are  much  simplified  if  values 
of  A  =  0  and  A  =  Ag/4  are  used.  These  two  con¬ 
ditions  correspond,  respectively,  to  the  two 
cases  where  the  dielectric  Is  terminated  In  a 
short  circuit  and  in  an  open  circuit. 

12-7.  Simplified  Procedure  for  Unity  Permea- 
bllity - - 

By  far  the  greatest  majority  of  the  materials 
encountered  by  the  radome  engineer  have  a  re¬ 


Flgun  12-7.  Shomd-Lloo  iiothod 


lative  complex  permeability  of  unit,**  and  in 
these  cases  a  single  impedance  measurement 
is  sufficient  todetermine  the  relative  dielectric 
constant  and  the  electric  loss  tangent.  Again, 
any  value  of  A  maybe  used  for  the  measurement, 
but  the  calculations  are  much  simplified  if  the 
dielectric  is  terminated  in  either  a  short  circuit 
or  an  open  circuit.  These  two  cases  will  be 
treated  below. 

Short-Circuit  Method.  When  the  dielectric 
(medium  2)  is  terminated  in  a  shorting  plate 
(A  =  0)  the  input  impedance  at  z  -  l)  will  be  de¬ 
noted  by  Zgc-  From  Equation  (12-26)  with 
Zr  -  0,  the  well  known  expression  for  the  input 
impedance  of  a  shorted  line  is  obtained.  Thus 

Zsc  =  Z02  *an*1  /2d  (12-35) 

where  the  notation  used  is  given  in  Figure  12  - 8 . 


Flfuto  1 2-4.  Notation  to r  Short-Circuit  Mothod 


The  normalized  Input  Impedance  Z8C/Zoi  is  a 
directly  measurable  quantity  that  can  be  deter¬ 
mined  experimentally  by  either  the  traveling 
SWR  probe  or  the  resonance  method  described 
previously. 

The  Summary  on  Guided  WaveB,  paragraph  12-3, 
shows  that  for  TEM  and  TE  modes  the  charac¬ 
teristic  wave  Impedance  can  be  expressed  very 


♦Except  where  the  two  values  of  A  are  sepa¬ 
rated  by  an  integral  number  of  halfwave  lengths 
in  the  guide. 


♦’Exceptions  to  this  are  artificial  dielectrics, 
metal  loaded  dielectrics  and  ferromagnetic 
materials. 
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simply  in  terms  of  the  characteristic  propaga¬ 
tion  (actor.  Thus  for  v*  -  Pq 


_  ^0  J  „  J^O 

z03  ’ - and  Z01  ~~ —  (12-36) 

y2  1 


Dividing  both  sides  of  Equation  (12-3S)  by  Zoi 
and  using  Equation  (12-36), 


zsc  yl 
Z01  "  y2 


tanh  7od 


(12-37) 


If  we  neglect  the  attenuation  in  the  air -filled 
guide ,-yj  5  J  (2n/x  )and  Equation  (12-37)  may 
then  be  written  8 


tanh  >2°  =  zsc 
'/2d  Ynd  Zqi 


(12-38) 


Thus  Equation  (12-38)  is  a  transcendental 
equation  relating  the  unknown  complex  propaga¬ 
tion  constant  y 2  with  the  measurable  quantities 
Z8C/Z01.  Xg  and  d.  Now,  if  the  right-hand  side 
of  Equation  (12-38)  is  written  in  polar  form, 

Trt  1bT"c1£  <u'3” 

Equation  (12-38)  becomes 


taiih >2 d  -  r  (12-40) 

>2* 

In  spite  of  Its  simple  form,  the  solution  for  this 
equation  cannot  be  obtained  directly.  Roberts 
and  von  Hippel  have  obtained  a  convergent  series 
solution  for  the  case  whend2zm  is  an  odd  mul¬ 
tiple  of  a  quarter  wavelength  and  the  SWR  is 
large.  They  have  also  plotted  complete  charts 
of  the  function  1® 


(12-41) 

In  these  charts,  contours  of  constant  C  and  £ 
are  plotted  on  a  graph  having  the  argument  r  as 
the  ordinate  and  the  magnitude  T  as  the  abscissa. 
It  is  evident  that  Equation  (12-40)  is  identical  to 
Equation  (12-41)  if 


?2d=TLz  (12-42) 

Therefore,  the  procedure  is  to  determine  C  Li 
first  from  the  measured  quantities  in  Equation 
(12-38);  the  charts  defined  by  Equation  (12-41) 
are  then  used  to  determine  T it  =  y#i.  Unfor¬ 
tunately,  the  value  of  determined  by  this 
method  will  be  multivalued.  ThiB  ambiguity  can 
be  removed  if  the  measurements  are  made  on 
two  samples  or  if  the  approximate  value  of  the 
dielectric  constant  is  known. 

Once  the  characteristic  propagation  constant 
y  2  has  been  determined,  the  dielectric  proper¬ 
ties  of  the  material  can  be  obtained  rather  sim¬ 
ply.  The  equation  relating  theBe  two  quantities 
is  given  in  paragraph  12-3 

-  kc^  -  where  e  =  Mq  (12-43) 

From  Equations  (12-43)  and  (12-1)  and  from  the 
kc  vs.  \c  relation  in  paragraph  12-3, 

r/  -(^f  -  -2  ",  ■„  V  <,2-,4) 

Introducing  into  Equation  (12-44)  the  relation 

and  rearranging  the  expression  for  the  dielec¬ 
tric  properties  we  obtain 


«r  (1  -  J  tan  5e) 


N\2  N-oV 
\M  \ 


(12-46) 


Thus  the  real  part  of  Equation  (12-46)  relates 
the  dielectric  constant  tr>  while  the  imaginary 
part  relates  the  electric  loss  tangent  tan  8e 
with  the  known  quantities  on  the  right  side  of 
the  equation.  The  values  of  the  cutoff  frequen¬ 
cies  are  given  in  paragraph  12-3.  For  the  dom¬ 
inant  modes  they  are 

xc  =  ®  for  coaxial  TEM  mode 

=  2"/1.84  x  radius  for  TE*i  mode  in  cir¬ 
cular  guide 

Kq  =  2  x  width  for  TEjo  mode  in  rectangular 
guide. 

While  the  above  method  applies  for  any  sample 
length,  more  accurate  results  will  be  obtained 
if  the  electrical  length  of  the  sample  in  the  guide 
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is  equal  to  an  odd  multiple  of  a  quarter-wave. 
The  power  losses  at  the  face  of  the  dielectric 
will  ue  *1  *  maximum,  and  so  the  standing-wave- 
ratlo  will  be  a  minimum  for  this  length.  Thus 
the  losses  in  the  dielectric  are  increased  with 
respect  to  the  losses  in  the  guide  wall  and  the 
overall  accuracy  in  determining  tan  *e  is  In¬ 
creased. 

Open- Circuit  Method.  Analogous  to  the  short- 
circuit  method  described  above,  an  open-circuit 
measurement  can  be  used  to  obtain  the  dielec¬ 
tric  properties  of  a  nonmagnetic  material.  The 
open-circuit  measurement  Is  obtained  by  placing 
the  shorting  plate  a  quarter  wavelength  (A  3 
Ag/4)  behind  the  dielectric  In  the  arrangement 
of  Figure  12-9.  This  reflects  an  open  circuit  at 
the  back  face  of  the  dielectric  and  so  from 
Equation  (12-26)  the  Input  impedance  of  the 
open-clrculted  dielectric  is 


in  y  2d  are  avoided  provided  botha  short-circuit 
and  an  open-circuit  measurement  are  taken.16 
To  arrive  at  this  result,  multiply  Equation  (12- 
35)  and  Equation  (12-47)  and  we  obtain 

ZBC  Zoc  -  ^z02>2  (12-50) 


Referring  to  paragraph  12-3  we  see  that  for 
TEM  and  TE  modes 


z02 


0 

y2 


* 

m  =  MO 


(12-51) 


Now,  dividing  both  sides  of  Equation  (12-50)  by 
Zqj2  and  substituting  Equation  (12-51),  In  the 
right  side  rf  the  equation  we  obtain 


zoc  =  z02  coth  y2  d  (12-47) 

By  analogy  wPh  the  short-circuit  case,  this 
leads  to  an  equation  of  the  form 

(12-48) 

where  T|£  is  defined  by  Equation  (12-42)  and 
Cl£  by  analogy  with  Equation  (12-39)  is 


«li  - 


(12-49) 


Curves  are  again  available20  for  determining 
TIL  .  Once  this  has  been  established,  the  char¬ 
acteristic  propagation  factor  72  is  determined 
from  Equation  (12-42).  The  relative  dielectric 
constant  and  electric  loss  tangent  are  then  de¬ 
termined  from  Equation  (12-41;.  The  optimum 
electrical  length  for  the  samples  In  this  case  is 
any  integral  multiple  of  a  half-wave.  For  this 
length  the  SWR  is  a  minimum  and  thus  tan  s  B 
can  be  most  accurately  determined. 


zsc  zoc  _  /yl\ 

<zoi>2~  '  W 


(12-52) 


in  the  air-filled  guide  71  =  j  (2v/\g)  and  eo 
Equation  (12-52)  reducec  to 


]2* 


(12-53) 


Thus,  the  above  equationgives  an  express  ion  for 
/  2  ln  terms  of  the  normalized  short-circuit  and 
open-circuit  impedances  and  the  characteristic 
wavelength  in  the  air- filled  guide.  Once  ?2  tat* 
been  established,  the  relative  dielectric  constant 
and  the  electric  loss  tangent  can  be  obtained  by 
equating  the  real  and  imaginary  parts  of  Equa¬ 
tion  (12-46). 

The  principal  disadvantage  to  this  method  is 
that  it  is  difficult  to  account  for  wall  losses  In 
the  sample  holder. 


Combined  Open-  and  Short-Circuit  Method . 
The  transcendental  equation  and  the  ambiguity 


12-8.  Simplification  for  Medium- Loss  Mate¬ 
rials  Having  Unity  Permeability 

Dr  kina  and  Works1^  have  shown  that  lor  low- 
and  medium-loss  materials  certain  simplifying 
approximations  can  be  made  in  Equation  (12-38) 
that  make  it  possible  to  solve  for  «  and  tan  *e 
directly,  thus  eliminating  the  complex  trans¬ 
cendental  involving  tanh  72d/r  2d<  Thls  simpli¬ 
fied  solution  is  obtained  by  starting  with  Equa¬ 
tion  (12-38)  with  Equation  (12-31)  written  for 
zsc/zor  Thus, 

fcnhvz^  -J  /  1  -  1  8  tan  \  {la_M) 
72d  2nd  ^  S  -  J  tan  Pi  zm  J 
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By  equating  the  real  parts  of  Equation  (12-54) 
and  assuming  that  7od  and  1/S  are  small,  an  ex¬ 
pression  is  samired  tnr  /)««!  l"«o!v!ng  only  the 

position  of  tha  voltage  minimum  zm,the  sample 
thickness  d  and  the  guide  wavelength  *g.  Thun, 


12-8.  Corrections  for  Loss  In  the  Waveguide 
Wall 

When  making  high  SWR  measurements  it  is 
not  permissible  to  neglect  the  line  loss  between 
the  probe  and  the  load. 


tan/32d  Xgtan-jjp,,, 
/3jd  2^d 


(12-50) 


The  right-hand  side  of  Equation  (12-55)  Is  de¬ 
termined  from  the  measured  quantities.  Once 
this  is  known,  /3gd  lsdetermined  from  a  table21 
of  tan  x/x.  Unfortunately,  Igd  is  multivalued. 
If  the  correct  value  cannot  be  selected  by  pre¬ 
vious  knowledge  of  the  material,  a  second  meas¬ 
urement  Is  necessary  using  a  different  length. 
Once  /igd  has  been  determined  «r  Is  easily  de¬ 
termined  by  equating  the  real  part  of  Equation 
(12-46)  and  neglecting  y  .  Thus, 


(12-56) 


Similarly,  equating  the  Imaginary  parts  of 
Equation (12- 54)  leads  to  an  equation  for  tan 


These  losses  are  determined  by  measuring  the 
twice  minimum  power  points  around  the  voltage 
node  with  the  empty  guide  terminated  in  a  short 
circuit.  The  correction  is  then  applied  accord¬ 
ing  to  Equation  (12-32).  This  accounts  for  the 
line  losses  between  the  probe  and  the  front  face 
of  the  dielectric.  However,  in  making  measure¬ 
ments  on  very  low-loss  materials,  tt  may  also 
be  necessary  to  correct  for  the  loss  in  the  wall 
of  the  dielectrlc-flUed  section.  Unfortunately, 
the  loss  In  the  guide  wall  cannot  be  separated 
oasily  from  the  dielectric  loss.  Theoretical 
values  for  the  damping  due  to  Imperfectly  con¬ 
ducting  walls  are  given  In  a  number  of  text¬ 
books.  However,  since  the  attenuation  in  the 
guide  walls  Is  dependent  largely  upon  surface 
finish,  the  theoretisal  value  may  be  in  consider¬ 
able  error.  Actual  measurements  of  the  wall 
losses  are  therefore  preferred. 

It  Is  convenient  t-  express  the  attenuation  in 
the  guideasa  loss  tangent,  tan  *w.  From  Equa¬ 
tion  (12-57)  this  may  be  expressed  In  terms  of 
measured  quantities  in  the  empty  guide  as  fol¬ 
lows:* 


The  Equations  (12-55)  to  (12-57)  are  accurate 
to  ±1  percent  for  values  of  tan  *e  i  0,1  and  for 
a  2d  10.25.  This  Includes  the  greatest  majority 
of  all  low-  and  medium- loss  materials  such  as 
are  used  In  radome  constructions.  Generally 
speaking,  If  the  SWR  i 10,  these  equations  are 
applicable. 

If  the  dielectric  is  terminated  in  an  open  cir¬ 
cuit  Instead  of  a  short  circuit,  Equations  (12-54) 
to  (12-57)  remain  applicable,  provided  tanh  /3,d 
Is  replaced  by  coth  flsd. 


Thia  value  for  tan  Is  not  Independent  of  the 
dielectric  filling  the  guide,  but,  in  general,  Is  a 
function  of  the  dielectric  constant  and  permea¬ 
bility  of  the  sample.  Westphal  and  von  Hlppel22 
have  derived  theoretical  ratios  of  wall  loss  with 
the  sample  present  (tan  $W8)  to  wall  loss  of  the 
emfity  guide  (tan  Sw).  These  ratios  enable  one 
to  correct  the  value  of  tan  Sw  to  take  Into  ac¬ 
count  the  dielectric.  However,  for  nonmagnetic 
material  this  ratio  becomes  unity  for  the  TEM 
mode,  and  it  does  not  differ  greatly  trom  unity 
for  TE  modes.  Thus,  as  a  first  approximation 
Equation  ( 12- 58)  may  be  used  directly  as  a  cor- 
rectionfactor  for  the  guide  loss  in  a  dielectric- 
filled  sample  holder.  The  procedure,  therefore, 
for  low-loss  materials,  is  to  determine  tan  5e 
from  Equation  (12-57).  The  correction  lor  wall 
loss  is  then  made  by  subtracting  tan  given 
by  Equation  (12-58)  from  tan  $e. 


•Negligible  losses  In  the  shortingplate  are  as 
sumed, 
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12-10.  Measurements  on  Magnetic  Matarlals23 

For  nuMrlila  havlnl  a  relative  permeability 
equal  to  a  value  other  than  unity,  it  is  necessary 
to  make  two  Independent  measurement*  on  the 
Ra triple  to  determine  the  lour  quantities  «r,  wr, 
tan  se  and  tan  $m,  which  describe  the  dielec¬ 
tric.  One  olthe  simplest  procedures  isto  meas¬ 
ure  the  input  impedance  of  a  short-circuited  and 
open-circuited  section  of  dielectric-filled  guide. 
The  characteristic  wave  impedance  of  the  di¬ 
electric-filled  section,  Zo2>  is  then  the  geome¬ 
trical  mean  of  its  short-circuited  and  open- 
circuited  impedances.  In  addition,  the  charac¬ 
teristic  propagation  conrtant  of  the  dlolectrlc- 
fllled  guide  72  is  simply  related  to  the  ratio  ol 
the  square  root  of  Us  short-circuited  and  open- 
circuited  impedances.  Knowing  Z02  and  >3,  the 
values  of  the  complex  permittivity  and  permea¬ 
bility  can  be  calculated. 

To  arrive  at  these  results  we  start  with  the 
familiar  expressions  for  and 


Z8C  =  Z02  tanh  72d  (12-59) 

zoc  B  z02  coth  y2d  (12-60) 

From  these 

a  tanh  73d  (12-61) 

and 


Equations  (12-61)  and  (12-62)  above  are  the 
basic  equations  that  will  be  used  In  calculating 
«r,  sr,  tan  *e,  and  tan  Note  that  the  quan¬ 
tities  on  the  left  in  these  two  equations  are  the 
measured  quantities  that  are  determined  by  the 
standard  impedance-measuring  techniques  dis¬ 
cussed  earlier. 


To  determine  the  characteristic  propagation 
constant  in  the  dielectric  y%,  it  is  convenient  to 
change  tanh  73d  to  the  exponential  form.  Thus, 


•  tanhrjd 


273d 

e  -  1 

27  jd 

e  + 1 


(12-63) 


From  this 


273d 

e 


1  zoc 

(12-64) 

1  -  fhs. 

Now  Introduce  R  IfL  defined  by 


zsc 

\| 

zoc 

z 

‘■J 

BC 

z 

V 

OC 

=  R  Li. 


into  Equation  (12-64) 


e2(a2d  +  )/3zd)  =  R  ^ 


(12-65) 


(12-66) 


From  this  it  follows  immediately  that 


and 


In  R 
“2  “  -2d~ 


6  +  2m  n 

— sa — 


m  ■  1,  2,  3,  ,  ,  . 


(12-67) 

(12-68) 


Unfortunately,  is  not  uniquely  determined  by 
Equation  (12-68*  The  proper  value  of  P%  can 
be  selected  from  the  possible  values  if  the  ap¬ 
proximate  value  of  Pi  is  known. 

Now,  returning  to  our  other  basic  Equation 
(12-62)  and  using  the  fact  that  Zn  -  1  *>n*/y  for 
all  TEM  and  TE  modes 


/(Zsc\(Zoc\  8  ^02  _  n  "2*  (12-69) 

V\zoi/\zoi/  zoi  nn* 


In  the  air-filled  guide  and  5i  » )  (2"Ag) 

Thus,  (12-69)  becomes 


V- J  2”^r  (1  '  1  ‘“.‘■S.1  (12-70) 

V  [z01/\z0lj  Xg(“2+J  ^2) 


Now  let 


P  +JQ 


Z01  Z01 


(13-71) 
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and  hence  from  (12-70) 


(  2  ♦  “2  tan  *  m  \ 

(12-72) 

\  »22  +  *22  / 

\  -  h  5m  \ 

(12-73) 

“22*V  ) 


Now,  (12-72)  and  (12-73)  can  be  solved  for  Mj. 
and  tan  s  m.  Thus, 

X  JT 

=“  (12-74) 

2rr 


tan 8 „ 
in 


“2  p  "  ^2  Q 


(12-75) 


The  two  properties  remaining  to  bedetermlned 
now  are  «r  and  tan  «e.  To  obtain  theae  quanti¬ 
ties  use  the  expression  from  paragraph  12-3  for 
the  characteristic  propagation  constant  in  me¬ 
dium  (2).  Thus 


>22  E  (a2  +  J  Pi)2  "  2  "  “2  ‘2*  x*2*  (12-78) 


Using  kc  =  (2w  / x  c)  and<u2f0M0  -  (2n/“Xo)aand 
writing  {  2*  and  in  the  complex  form 


(a2+J/32)  « 


(vj-fe} 


(12-77) 


*r  (l  -  J  tan  *ej  |l  -)  tan  8^ 


Separating  the  real  and  imaginary  parts 


(12-78) 


[j  ( tan  se  +  tan  im)  j  , 


Equating  the  real  part 


2  2 

“2 


«Vr  (1  -  tan  se  tan  sm) 
Equating  the  imaginary  part 

V* 

202/32  3  (vj  [<r'lr 

(tan  *e  +  tan  *m>J 


(12-79) 


(12-80) 


Equations  (12-79)  and  (12-80)  may  be  solved  for 
*  r  and  tan  se  to  obtain 


MM 


°22  +20^2  sm) 


ur  (1  «•  tan2  «_,) 


and 


2azH/Ko\ 

tan  I- » - 1 —  - 

£r^r  \2w/ 


tan  8 


tn 


(12-81) 


(12-82) 


Summarising,  the  procedure  for  determining 
er,  >*r,  tan  and  tan  *m  starts  firstwitha 
measurement  of  Z8C/Zoi  and  Z0c/Zoi-  From 
these  measurements  we  determine  Rif.  from 
Equation  (12-  85).  Once  this  has  been  determined 
we  obtain  the  values  of  aa  and  /82  fromEquatlons 
(12-67)  and  (12-68).  Now,  obtain  expressions 
for  P  and  Q  defined  by  Equation  (12-71).  From 
the  values  of  P,  Q,  a2  and  two  of  the  desired 
quantities  Mr  and  tan  *m  are  obtained  from 
Equations  (12-74)  and  (12-76).  Finally,  the  val¬ 
ues  of  <r  and  tan  Se  are  obtained  from  Equa¬ 
tions  (12-81)  and  (12-82). 

12-11.  Typical  Equipment  for  Dielectric  Meas¬ 
urements 

Shorted- Line  Method.  The  equipment  required 
for  making  dielectric  measurements  using  the 
shorted- line  method  is  of  the  same  general  type 
that  is  used  for  impedance  measurements  on  a 
transmission  line.  Figure  12-10  shows  a  typi¬ 
cal  slotted- line  arrangement  for  making  dielec¬ 
tric-constant  measurements  in  a  coaxial  or  hol¬ 
low  guide.  The  equipment  consists  of  a  slotted 
waveguide;  a  traveling  tunable  pickup  probe;  a 
tuned  audio  amplifier;  a  square-wave  modulated 
signal  generator,  a  ferrite  isolator,  and  a  dielec¬ 
tric  sample  holder  closed  by  a  short-circuiting 
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plate.  Radio  frequency  energy  from  the  square- 
wave  modulated  signal  generator  is  fed  through 
the  Isolator  Into  the  line.  By  means  of  the  pick¬ 
up  probe  in  the  slotted  lino  one  determines  the 

fuit  ne  enlnlfMiim  pAiiiew  n» t/JiW  n  wH  Jh  j  n  #># 

the  voltage  minimum  of  the  standing-wave  pat¬ 
tern  set  up  in  the  guide.  These  two  measure¬ 
ments  can  then  be  used  to  determine  the  input 
impedance  at  the  front  face  of  the  dielectric 
sample.  By  measuring  this  impedance;  first 
with  the  dielectric  terminated  in  a  short  circuit 
and  then  in  an  open  circuit,  one  can  determine 
the  complete  characteristics  of  the  dielectric 
material.  For  nonmagnetic  materials,  one  such 
Impedance  measurement  is  sufficient  to  deter¬ 
mine  the  properties  of  the  material. 

Resonant  Cavity  Method.  A  typical  arrange¬ 
ment  uslng  the  resonant  cavity  method  is  shown 
in  Figure  12-11.  Operation  is  quite  similar  to 
the  SWR  method  except  that  the  pickup  probe 
remains  stationary  and  the  shorting  piston  is 
varied  in  position.  By  determining  the  half¬ 
power  width  and  the  plunger  position  at  reson¬ 
ance  one  can  determine  the  Input  impedance  at 
the  face  of  the  dielectric  (paragraph  12-7). 
From  this  point  the  procedure  is  identical  to  the 
traveling  probe  method. 

Figure1 12-12  shows  a  commercial  version  of 
a  microwave  dielectrometer  capable  of  making 
dielectric  measurements  at  100Q,  3000,  and 
8600  megacycles.  For  the  two  lower  frequency 
ranges  a  coaxial  guide  is  used  for  the  measure- 
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Figure  11-11.  Typical  Equipment  hr  Dielectric  Meaturemente 
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Figure  12-12.  Microwave  Dielectrometer  (By  permleelen  of 
Central  Reeearch  Lahoratorlee,  Inc  ) 

ment,  whereas  at  8500  megacycles  the  center 
conductor  is  removed  and  the  circular  pipe  is 
operated  In  the  TEji  mode.  The  equipment  is 
adaptable  to  either  the  stand ing-wave- ratio  or 
the  resonance- curve  method. 

Surface-Wave  Dielectrometer.  Recently  a  dl¬ 
electrometer  employing  a  surface-wave  tech- 


nlque  has  been  developed.  ^  The  objectives  of 
the  program  were  to  design  and  construct  a 
laboratory  Instrument  for  measuring  the  er 
and  tan  *  of  solid  materials  at  frequencies  from 
10,000  megacycles  uo  and  over  a  temperature 
range  of  -65  to  +600°  C. 

The  device  utilizes  a  surface-wave  transmis¬ 
sion  line.  The  dielectric  sample,  in  the  form  of 
a  flat  sheet,  is  placed  on  a  flat  metal  surface  so 
as  to  form  the  surface-wave  line.  This  trans¬ 
mission  line  is  terminated  In  a  short  circuit. 
The  dielectric  constant  and  loss  tangent  are  de¬ 
termined  from  measurements  of  guide  wave¬ 
length,  standing  wave  ratio,  and  minimum  posi¬ 
tion  and  width  on  the  surface-wave  line. 

A  strip  of  the  base  plate  upon  which  the  sam¬ 
ple  rests  is  free  to  move  in  a  translatory  man¬ 
ner  along  the  direction  of  propagation  of  the 
surface  wave.  The  strip  contains  a  section  of 
rectangular  waveguide  which  has  a  slot  cut  in 
Its  end.  The  slot  presses  against  the  bottom  of 
the  sample  where  the  sample  rests  on  the  base 
plate.  The  slot  output  is  proportional  to  the 
field  In  the  surface-wave  transmission  line. 

12-12.  Sources  of  Error 

Although  the  major  sources  of  error  in  the 
several  methods  described  can  be  enumerated, 
It  is  difficult  to  estimate  the  overall  measure¬ 
ment  error  unless  a  specific  design  Is  consid¬ 
ered  In  detail.  In  general,  accuracies  of  the 
order  of  1  percent  for  the  dielectric  constant 
and  2  percent  for  the  lo'ss  tangent  have  been  ob¬ 
tained  with  carefully  designed  equipment.  A 
few  of  the  more  important  sources  of  error  are: 

Impure  Signal  Source.  If  the  signal  source  for 
making  the  dielectric  measurements  isnot  mon¬ 
ochromatic,  It  can  Introduce  e-rors, particular¬ 
ly  In  the  measurement  of  the  dWR.  The  reason 
Is,  of  course,  that  each  of  the  frequency  com¬ 
ponents  has  a  different  voltage;  minimum  posi¬ 
tion.  This  has  the  effect  of  increasing  the  width 
of  the  twlce-mlnimum  powerpoints  of  the  stand¬ 
ing-wave  pattern  and  thus  limits  the  measure¬ 
ment  accuracy. 

To  reduce  this  effect,  the  oscillator  power 
supply  should  be  well  regulated  and  the  oscil¬ 
lator  Itself  should  be  isolated  from  all  mech¬ 
anical  vibrations.  The  use  of  a  spectrum  ana¬ 
lyzer  as  a  signal  monitor  provides  an  excellent 
check  on  signal  behavior  during  measurement, 
warning  the  operator  when  signal  purity  deteri¬ 
orates. 

Improper  Isolation  of  the  R-F  Generator.  The 
shorted-Tlne  method  of  dielectric  measurement 


leads  to  high  mismatches  that  are  variable  in 
phase.  For  this  reason  it  is  necessary  to  iso¬ 
late  the  generator  carefully  so  that,  In  spite  of 
the  high  and  variable  mismatch,  the  frequency 
will  remain  the  same  when  the  two  measure¬ 
ments  are  taken  with  and  without  the  sample. 
This  can  be  accomplished  with  an  attenuator  pad 
or  by  means  of  a  ferrite  isolator.  The  latter  Is 
to  be  preferred  since  it  attenuates  the  reflected 
wave  but  not  the  forward  wave.  This  reduces  the 
power  requirements  of  the  generator. 

Probe  Loading,  Another  source  of  error  is  ln- 
troduced  If  the  pickup  probe  Is  extended  too  far 
into  the  slotted  line.  Since  Its  primary  effect  is 
to  decrease  the  standing  wave  ratio,  it  Is  a  rel¬ 
atively  simple  matter  to  check  for  probe  loading 
by  measuring  the  width  of  the  twice-mlnlmum 
power  points  for  two  probe  depths.  If  these  two 
width  measurements  give  the  same  results, 
probe  loading  Is  negligible;  if  they  do  not,  the 
probe  should  be  further  withdrawn  from  the 
guide. 

Sample  Fit  and  Homogeneity.  In  order  to  ob¬ 
tain  accurate  measurements  on  the  dielectric, 
the  sample  must  be  homogeneous  and  In  close 
contact  with  walls  and  with  plane  parallel  ends 
perpendicular  to  the  longitudinal  axis.  In  addi¬ 
tion,  the  ends  of  the  sample  should  be  slightly 
chamfered  to  allow  proper  seating  of  the  sam¬ 
ple  against  the  shorting  plate.  In  practice, 
faulty  geometry  or  nonhomogeneity  accounts 
for  the  majority  of  the  error  in  measuring  di¬ 
electric  constants  of  low-loss  materials. 

Higher  Order  Modes.  Even  though  the  air- 
f tiled  measuring  line  Is  designed  to  propagate 
only  the  dominant  mode,  It  may  be  possible  for 
higher  order  modes  to  exist  In  the  dielectric- 
filled  section.  When  this  occurs,  the  loss-tan- 
gent  measurements  are  likely  to  be  in  error, 
since  a  portion  of  the  energy  Is  converted  to 
higher  order  modes.  Thus  the  measured  loss 
factor  appears  higher  than  its  actual  value.  Ex¬ 
citation  of  the  higher  order  modes  can,  however, 
be  largely  eliminated  by  making  sure  that  the 
ends  of  the  sample  are  perpendicular  to  the 
longitudinal  axis  of  the  guide. 

Wall  Losses.  While  in  principle  it  Is  possible 
to  take  into  account  all  of  the  losses  in  the  guide 
wall,  it  is  nevertheless  Important  to  minimize 
these  losses,  as  it  is  easily  seen  that  they  de¬ 
stroy  the  inherent  accuracy  of  the  measurements. 
This  is  immediately  apparent  by  considering 
the  fact  that  the  loss  tangent  depends  essentially 
on  the  difference  of  the  widths  of  the  two  minima 
when  the  sample-  is  present  or  removed.  For 
low-loss  materials  this  difference  will  be  small, 
Therefore,  the  width  for  the  empty  guide  must 
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be  kept  small  in  order  to  obtain  good  accuracy. 
To  obtain  a  low-loss  measuring  line,  careful 
attention  should  be  given  to  the  surface  condi¬ 
tion  of  the  guide  and  to  the  design  of  the  short¬ 
ing  plate.  In  the  standlng-wave-ratln  method 
care  must  be  taken  to  assure  that  the  gyid? 
not  radiate.  This  effect  is  reduced  by  the  use  of 


a  narrow  slot  and  by  arranging  the  probe  car¬ 
riage  In  such  a  way  as  to  cover  the  slot  com¬ 
pletely  for  all  probe  positions.  The  resonant 
cavity  method  requires  a  movable  piston  with 
low  loss  independent  of  position  in  the  guide. 
This  is  generally  accciiip! tailed  with  a  choke- 
plunger  type  of  short  circuit. 


SECTION  D.  THE  MEASUREMENT  OF  RADOME  TRANSMISSION,  REFLECTION, 
AND  PATTERN  DISTORTION 


12-13.  Radome  Design  Objectives 

A  primary  radome  design  objective  Is  that  the 
radome  transmits  high  percentage  of  the  energy 
radiated  by  the  antenna.  Reflection  and  absorp¬ 
tion  of  the  radiated  energy  can  cause  a  trans¬ 
mission  loss  and  result  In  an  appreciable  reduc¬ 
tion  in  radar  range,  especially  since  the  trans¬ 
mission  loss  is  experienced  on  both  transmis¬ 
sion  and  reception.  31nce  radar  range  Is  pro¬ 
portional  to  the  fourth  root  of  the  transmitted 
power  the  reduced  radar  range  isglven  by  Range 
(percent  of  that  obtainable  without  radome)  B 

\J  percent  one-way  transmission  efficiency 

As  an  extreme  example,  for  very  streamlined 
radomes,  transmission  In  certain  areas  may 
drop  as  low  as  50  percent.  Thus,  the  radar 
range  on  a  given  target  would  be  reduced  to  71 
percent  of  that  obtainable  without  a  radome. 

A  second  design  objective  Is  that  the  radome 
reflect  very  little  energy  back  Into  the  trans¬ 
mitting  antenna.  This  requirement  is  especially 
severe  Inc-w  radar  systems  where  the  reflected 
signal  may  obscure  the  radar  return  from  dis¬ 
tant  targets.  In  pulse  radar  systems  the  reflec¬ 
tion  requirements  are  not  as  stringent;  however, 
reflection  of  energy  back  Into  the  transmission 
line  causes  a  standing  wave  in  the  line  and 
changes  the  input  impedance,  as  seen  by  the 
magnetron.  This  impedance  change,  if  signifi¬ 
cant,  can  result  in  frequency  pulling  of  the  mag¬ 
netron  with  a  resultant  deterioration  of  the  sys¬ 
tem  performance.  Even  with  automatic  fre¬ 
quency  control  (AFC),  magnetron  pulling  can  be 
a  serious  problem,  since  the  AFC  may  not  be 
able  to  follow  rapidly  enough  to  correct  for  ab¬ 
rupt  changes  In  radome  reflections, 

A  third  design  objective  is  that  the  radome 
shall  not  seriously  modify  the  antenna  radiation 
pattern.  For  example,  if  the  radome  causes  a 
substantial  increase  in  side  lobe  level  It  may 
allow  targets  to  be  picked  up  by  the  side  lobes 
with  resultant  confusion  ae  to  their  direction. 
In  addition,  ground  and  sea  clutter  is  Increased 


by  larger  side  lobes  thus  obscuring  airborne 
targets.  Another  type  of  pattern  distortion  Is 
heam  bonding.  This  can  lead  to  serious  system 
errors,  particularly  in  tracking-,  bombing-, 
and  navigational-type  radars. 

Since  the  electrical  performance  of  a  radome 
cannot,  in  general,  be  accurately  predicted  on  a 
theoretical  basis,  it  is  necessary  to  make  lab¬ 
oratory  tests  to  determine  the  transmission, 
reflection,  and  pattern  distortion  caused  by  the 
radome.  The  effect  of  the  radome  on  overall 
system  performance  can  then  be  Inferred  from 
the  results  of  these  measurements. 

12-14.  The  Measurement  of  Radome  Trans¬ 
mission 

Radome  transmission  efficiency,  as  it  is  gen¬ 
erally  defined,  is  the  ratio  of  power  transmitted 
by  an  antenna  In  the  presence  of  a  radome  to  the 
power  that  would  be  transmitted  If  the  radome 
were  removed.  By  virtue  of  the  reciprocity 
theorem,  this  transmission  is  the  same  whether 
the  antenna  be  used  as  a  receiver  or  transmitter. 
Therefore,  the  radome  transmission  efficiency 
is  identical  for  transmission  or  reception.  For 
pencil-beamed  antennas,  transmission  measure¬ 
ment  a  are  usually  confined  to  the  maximum  of 
the  radiated  pattern,  However,  for  cosecant- 
squared  or  other  shaped-beam  antennas,  it  Is 
frequently  desirable  to  make  measurements  at 
a  number  of  points  in  the  elevation  pattern. 

Radome  transmission  measurements  are  made 
by  electrically  aligning  a  transmitter  and  a  re¬ 
ceiving  antenna  and  noting  the  difference  in 
power  putput  when  the  radome  is  placed  ovor 
the  receiving  antenna.  The  relative  motion  be¬ 
tween  the  radome  and  antenna  during  scanning 
is  simulated  by  rotating  the  radome  about  the 
glmbal  axis  of  the  fixed  antenna.  Figure  12-13 
shows  a  typical  arrangement  of  equipment  for 
making  automatic  transmission  measurements. 
The  tranamltter,  fed  by  a  square-wave  modu¬ 
lated  klystron,  sends  an  essentially  plane  wave 
toward  the  radome  housing  the  receiving  an¬ 
tenna.  This  wave  passes  through  the  radome 
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and  is  picked  up  by  the  receiving  antenna.  The 
output  of  the  antenna  is  detected  by  an  accurate 
square -law  device,  such  as  a  bolometer,  and  is 
then  fed  to  an  amplifier  tnneH  in  tho  modulation 
frequency.  The  amplifier  output  actuates  a  lin¬ 
ear  recorder  whose  paper  drive  Is  linked  elec¬ 
trically  or  mechanically  to  the  rotation  of  the 
radome  about  the  antenna  glmbal  axis.  The  re¬ 
corded  output  is  then  directly  proportional  to 
the  power  at  the  receiver.  The  test  procedure 
is  to  establish  first  a  reference  by  taking  a 
measurement  with  the  antenna  uncovered,  The 
radome  is  then  put  in  place  and  rotated  through 
the  desired  gimhal  angle  and  the  output  is  re¬ 
corded.  Finally,  a  measurement  Is  made  again 
with  the  antenna  uncovered  to  assure  that  noth¬ 
ing  has  changed  during  the  measurements, 

The  laboratory  measurements  should  simulate 
as  closely  as  possible  the  actual  installation  In 
the  aircraft.  The  radar  system  antenna  should 
be  used  where  possible,  and  Its  location  should 
correspond  to  that  in  the  aircraft  installation. 
Gimbaling  and  polarization  should  be  accurately 
simulated.  The  transmission  should  also  be  ex¬ 
amined  with  the  antenna  slightly  displaced  from 
the  glmbal  axis  to  be  sure  that  the  transmission 
does  not  fluctuate  seriously  within  the  placement 
tolerances  of  the  antenna.  The  measurements 
should  always  be  carried  out  In  a  reflection-free 
area.  A  room  lined  with  microwave  absorber 
Is  quite  convenient  for  measurements  on  small 


aperture  antennas,  whereas  an  outdoor  site  is 
generally  used  for  larger  antennas, 

TU-  - 1 u  -  jl .  >  .... 

a **h**^i»»6  uctwceu  me  iraimmiuing  ana  re- 
celvlng  antenna  Is  dictated  by  the  size  of  the  an¬ 
tenna  and  the  wavelength.  According  to  theory, 
tho  wavefront  falling  on  the  receiving  antenna 
aperture  must  be  a  plane  wave.  Since  the  wave- 
front  is  usually  approximately  spherical,  this 
condition  will  be  satisfied  exactly  only  in  the 
limiting  case  of  Infinite  spacing.  However,  “ 
the  phase  errors  across  the  aperture  will  not 
exceed  ”/8  radians  provided  a  spacing  of  d. 
2tr A  q  is  chosen.  Here  D  is  the  major  antenna 
aperture  dimension,  and  is  the  free  space 
wavelength.  For  such  small  phase  variations 
from  a  plane  wave  tho  changes  in  antenna  radi¬ 
ation  patterns  are  very  slight.  The  general  ef¬ 
fect  of  quadratic  phase  errors  of  this  type  is  to 
produce  an  apparent  decrease  In  antenna  gain 
and  an  Increase  in  the  minimum,  but  very  little 
change  of  the  maximum  or  of  the  side  lobe 
structure.26  The  separation  2D2A0  alsoas- 
sures  an  essentially  uniform  Intensity  distribu¬ 
tion  over  the  aperture  and  negligible  interaction 
between  the  two  antennas. 

If  the  radar  system  antenna  is  not  available,  an 
antenna  of  approximately  the  same  dimensions 
canbe  used  for  the  tranBrnlBslonmeasurements. 
This  antenna  should  be  positioned  within  the 
radome  in  auch  a  way  as  to  simulate  the  ray 
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geometry  of  the  radar  antenna  for  various  scan 
positions.  The  substitute  antenna  should  be 
chosen  to  produce  minimum  interaction  with  the 
rndome.  While  these  measurements  are  useful 
for  a  qualitative  evaluation  of  the  radome,  it 
should  be  recognised  that  accurate  quantitative 
tr.casurviuaAta  loiaied  io  system  performance 
canbe  made  only  with  the  radar  system  antenna, 

12-15.  The  Measurement  of  Radome  Hellectlon 


Radome  reflection  Is  defined  asthe  percentage 
of  transmitted  energy  that  is  reflected  backfrom 
the  radome  Into  the  antenna  feed  line.  The  effect 
of  this  reflected  wave  Is  to  set  up  a  standing 
wave  on  the  transmission  line,  thus  changing  the 
antenna  Input  Impedance  as  seen  by  the  trans¬ 
mitter.  To  measure  radome  reflection,  the  un¬ 
covered  antenna  Is  first  carefully  matched  to 
free  space  with  a  tuning  screw  or  other  match¬ 
ing  device.  The  radome  1b  then  placed  over  the 
antenna  and  the  reflection  coefficient  of  the  an¬ 
tenna  feed  is  determined  by  using  a  slotted  sec¬ 
tion  of  transmission  line  and  measuring  the 
SWR.  From  this  measurement  the  radome  re¬ 
flection  is  given  by 


\pf  *  (12-83) 

11  S  +  1 1 

where  p  Is  the  amplitude  ratio  of  the  reflected 
voltage  wave  to  the  transmitted  wave  and  S  Is 
the  standing  wave  ratio.  The  phase  of  the  re¬ 
flected  wave  can  also  be  determined  by  noting 
the  position  of  the  voltage  null  in  the  standing 
wave  pattern.  An  alternate  method  for  meas¬ 
uring  radome  reflection  Is  by  directly  sampling 
the  Incident  and  reflected  waves  and  obtaining 
their  ratio,  This  method  provides  Information 
on  the  magnitude  of  the  reflection  but  does  not 
readily  provide  phase  information  as  does  the 
slotted  line,  unless  the  complexity  of  the  equip¬ 
ment  is  increasedby  Including  a  system  to  com¬ 
pare  the  phase  of  the  sampled  Incident  and  re¬ 
flected  waves. 

In  actual  practice  the  antenna  Is  rarely  per¬ 
fectly  matched  to  free  space,  so  that  the  re¬ 
flected  wave  In  the  antenna  feed  line  is  made  up 
of  (1)  the  antenna  reflection  and  (2)  the  radome 
reflection.  The  manner  in  which  thetwo  signals 
add  is,  of  course,  dependent  upon  the  phase  re¬ 
lations  between  them.  The  worst  case  occurs 
when  the  two  reflections  are  in  phase  so  that 
their  Intensities  add.  The  most  favorable  situ¬ 
ation  occurs  when  the  two  reflected  signals  are 
180°  out  of  phase  and  the  Intensities  subtract. 
Therefore,  to  evaluate  system  performance,  re¬ 
flection  measurements  should  also  be  made  with 
the  radome  In  place,  but  with  all  auxiliary  match¬ 


ing  devices  removed  from  the  antenna;  i.e.,wlth 
the  antenna  as  it  would  be  under  normal  opera¬ 
ting  conditions.  Once  the  antenna  feed  line  re¬ 
flections  have  been  established,  an  estimate  of 
magnetron  pulling  can  be  made  by  a  study  of  Its 
Rleke  diagram.2 ' 

Radome  reflections  are  most  serious  when  the 
incident  transmitted  wave  is  nearly  normal  to 
the  radome,  such  as  in  a  hemisphere.  In  this 
case  a  large  percentage  of  the  energy  reflected 
from  the  radome  wall  is  focused  back  into  the 
transmitting  antenna.  However,  for  more 
streamlined  shapes,  the  energy  is  randomly  re¬ 
flected  and  only  a  very  small  portion  is  directed 
back  so  as  to  cause  a  mismatch  in  the  radiating 
system. 

Figure  12-14  shows  a  block  diagram  of  typical 
equipment  for  measuring  radome  reflection  us¬ 
ing  the  slotted-line  technique.  The  radome  Is 
placed  over  the  radar  system  antenna  in  such  a 
way  as  to  simulate  various  positions  of  the  an¬ 
tenna  during  a  scanning  operation.  Precautions 
should  be  taken  to  assure  that  the  reflections 
from  walls  and  other  nearby  objects  do  not  af¬ 
fect  the  SWR  or  the  voltage  minimum  position. 
This  problem  is  generally  avoided  by  making 
the  measurements  in  a  microwave  absorbing 
room  or  by  directing  the  antenna  toward  an  open 
space.  To  check  the  adequacy  of  the  site,  the 
radome  antenna  should  be  moved  to  several  po- 
sitlonsandthe  SWR  and  minimum  position  noted. 
If  no  change  occurs,  the  site  may  be  considered 
satisfactory.  Other  possible  sources  of  meas¬ 
urement  errors28  arise  from  (1)  probe  loading, 
(2)  improper  calibration  of  the  detector,  (3)  in¬ 
sufficient  isolation  of  the  signal  generator,  and 
(4)  impure  signal  source.  However,  proper  op¬ 
erating  techniques  will  eliminate  or  minimize 
all  of  these  sources  of  errors. 

Figure  12-15  gives  the  reflectometer  method 
for  measuring  radome  reflections.  Here  direc¬ 
tional  couplers  are  used  to  sample  the  magni¬ 
tude  of  the  incident  and  the  reflected  wave.  The 
detected  outputs  from  the  couplers  feed  separate 
amplifiers  and  output  meters.  The  system  Is 
calibrated  by  employing  a  short  circuit  in  place 
of  the  antenna  to  establish  unity  reflection.  The 
amplifier  gains  are  then  adjusted  to  read  equal 
outputs.  The  short  ts  next  replaced  by  the  an¬ 
tenna,  and  the  radome  is  placed  in  position.  The 
two  output  meter  indications  are  then  directly 
proportional  to  the  incident  and  reflected  waves, 
and  the  reflection  coefficient  is  obtained  by  tak¬ 
ing  their  ratio.  The  entire  operation  can  be 
performed  with  a  new  commercial  instrument2^ 
called  a  ratio  meter,  which  automatically  com¬ 
bines  forward  and  reverse  signals  and  displays 
their  ratio  directly. 
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In  principle  the  reflectometer  la  auperior  to 
the  slotted  line  for  measuring  small  reflections, 
because  It  measures  the  ratio  of  two  quantities 
of  dissimilar  magnitude  (l.e.,  reflected  voltage/ 
incident  voltage).  The  slotted  line,  on  the  other 
hand,  for  small  reflections  measures  the  ratio 
of  two  quantities  of  similar  magnitude  (i.e., [in¬ 
cident  voltage  +  reflected  voltage] /[incident 
voltage  -  reflected  voltage]).  Possible  errors 
in  the  reflectometer  system,  however  (e.g., 
limited  directivities  of  the  couplers  and  inac- 
curacies  in  the  response  laws  of  the  detectors), 
require  a  calibration  procedure  to  achieve  an 
overall  accuracy  comparable  to  that  of  precision 
slotted  lines.  Typical  figures  of  error  in  reflec¬ 
tion  coefficients  obtained  with  a  reflectometer 
using  a  ratio  meter  are  ±0,02  for  |c  |  =  0.1  and 
±0.04  for  |  p  |  =  0.4.  Greater  accuracies  maybe 
obtained  at  lower  reflection  coefficients  and/or 
with  single-frequency  operation. 

12-16.  The  Measurement  of  Radome  Pattern 
Distortion 

In  evaluating  radar  system  performance,  an¬ 
tenna  patterns  provide  probably  more  useful 
data  than  any  other  type  of  measurement  on  the 


radiating  system.  If  taken  with  the  aid  of  a 
mockup  of  the  actual  aircraft  Installation,  the 
effects  of  the  surrounding  structure  as  well  as 
the  radome  can  be  evaluated.  By  careful  exam¬ 
ination  of  the  radiation  patterns  it  is  frequently 
possible  to  correlate  the  beam  distortion  with 
certain  radome  areas  or  structural  members. 
Once  the  interfering  surface  has  been  identified, 
it  can  usually  be  corrected. 

A  block  diagram  of  the  basic  equipment  for 
making  antenna  pattern  measurements30,31  Is 
given  in  Figure  12-16.  The  radar  system  an¬ 
tenna,  which  is  used  for  receiving,  ie  placed  in 
the  radome  at  the  correct  gimbal  position.  The 
transmitting  antenna,  located  a  distanced  1  2D2/ 
y  0,  illuminates  the  receiving  antenna  with  a 
wave  that  is  essentially  plane.  The  radiation 
pattern  is  obtained  by  recording  the  power  at 
the  receiving  antennaas  a  function  of  its  angular 
rotation  with  respect  to  a  line  of  sight  between 
the  transmitter  and  receiver.  Radome  distor¬ 
tion  is  determined  by  making  separate  radiation 
patterns  with  and  without  the  radome  for  a  num¬ 
ber  of  representative  positions  of  the  radome 
with  respect  to  the  antenna. 
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For  convenience  of  measurements,  the  mount 

Or,  'which  the  ante nri*  *luu  liiuuiiic  ia  pmccu 

should  provide  both  azimuth  and  elevation  mo¬ 
tion  These  motions  in  turn  are  servolinked  to 
the  recorder  so  that  the  paper  passes  beneath 
the  pen  insynchronism  with  the  antenna  rotation, 
Figure  12-17  shows  a  photograph  of  an  antenna 
mount  of  this  general  type,  which  is  currently 
in  use  at  the  Naval  Air  Development  Center, 
Johnsvllle,  Pa. 


The  simplest  recorder  for  pattern  measure¬ 
ments  is  merely  a  recording  voltmeter  attached 
to  the  output  of  the  tuned  ampl'fier.  Since  the 
bolometer  detector  Is  square  law  the  output  of 
the  recorder  is  directly  proportional  to  the  an¬ 
tenna  power  pattern.  While  a  linear  power  plot 
in  quite  satisfactory  for  recording  the  patterns 
of  low  gain  antennas,  it  is  unsatisfactory  for 
determining  the  side  lobe  structure  oi  high  gain 
antennas,  since  it  will,  in  general,  be  20-40  db 
below  the  level  of  the  main  beam.  Therefore, 
when  maximum  dynamic  range  is  required,  a 
logarithmic  recorder'  should  be  used.  Among 
the  types  of  recorders  that  have  been  used  for 
logarithmic  plotting32  are  (1)  a  recording  volt¬ 
meter  driven  by  a  logarithmic  amplifier;  (2)  a 
motor-driven  logarithmic  potentiometer  actu¬ 
ated  by  a  aervoampllfic.r  so  as  to  balance  out 


the  input  from  a  square-law  detector;  and  (3)  a 
servomotor,  wmch  adjusts  a  beyond- cutoff  at¬ 
tenuator  so  as  to  maintain  a  constant  r-f  output. 
Of  the  three,  the  logarithmic  amplifier  is  the 
least  reliable,  since  its  characteristics  are  dif¬ 
ficult  to  maintain  with  tube  aging.  With  any  of 
the  above  systems  the  antenna  and  the  paper 
drives  should  be  synchronized  electrically  either 
byseisyns  or  synchronous  motors.  The  former 
method  is  usually  preferred  because  the  antenna 
rotation  and  paper  location  are  permanently  tied 
together.  Good  tracking  accuracy  is  maintained 
by  reduction  gearing  of  the  aelsyns. 

The  measurement  accuracy  of  antenna  radia¬ 
tion  patterns,  especially  in  the  side  lobe  struc¬ 
ture,  is  determined  primarily  by  the  measuring 
site.  In  theory  the  requirements  of  the  9ite  are 
quite  simple;  (1)  The  distant  transmitter  must 
produce  an  incident  wave  at  the  receiving  an¬ 
tenna,  which  is  essentially  plane  (constant  phase 
and  amplitude)  across  its  aperture,  and  (2)  the 
field  strength  of  the  transmitted  wave  must  be 
of  sufficient  amplitude  to  a  llow  accurate  pattern 
measurement.  In  practice  the  former  condition 
is  met  only  within  certain  tolerances,  since  fi¬ 
nite  spacing  and  reflections  cause  deviations 
from  an  ideal  plane- wave  front.  Phase  and  am¬ 
plitude  variations  across  the  aperture  due  to 
finite  spacing  can  be  largely  eliminated  by  choos- 


f  /**.-•  12-17,  T»»f  M*wif  (By  •<  fW  0.  J.  Htvy) 


501 


me  an  antenna  separation  equal  or  greater  than 
2dVa0.  However,  spurious  reflections,  espec¬ 
ially  from  the  ground,  can  Interfere  with  the  di¬ 
rect  siena  1  to  produce  significant  variations  of 
the  Incident  field  of  the  receiver.  Several  meth¬ 
ods  are  available  for  controlling  ground  reflec¬ 
tions.  The  most  obvious  is  to  place  the  antennas 
on  towers  or  at  the  edge  of  buildings  high  above 
the  ground.  Another  method  Is  to  absorb  or 
break  up  the  reflection  from  the  ground  with  a 
screen  of  microwave  absorber  or  a  wire  fence 
perpendicular  to  the  direction  of  propagation. 
As  an  added  precaution,  whenever  possible,  pat¬ 
terns  should  be  taken  In  azimuth  to  minimize 
ground  reflections,  In  addition  to  ground  reflec¬ 
tions,  care  should  be  taken  to  eliminate  other 
reflections,  especially  from  large  objects  such 
as  buildings. 

The  adequacy  of  the  site  must  usually  be  es¬ 
tablished  by  experimental  testing.  The  meas¬ 
urements  can  be  In  the  form  of  an  experimental 
study  on  and  antenna  having  a  standard  pattern,  or 
phase  and  amplitude  measurements  can  be  taken 
to  establish  the  adequacy  of  the  plane-wave  front. 
Amplitude  measurements  are  made  by  moving  a 
pickup  probe  over  the  region  of  Interest  and 
noting  the  uniformity  of  the  field.  Phase  meas¬ 
urements  are  made  by  comparing  the  output 
from  the  movable  pickup  probe  with  a  reference 
signal  obtained  from  a  stationary  probe. 

The  required  level  of  transmitter  power  de¬ 
pends  on  the  gains  of  the  two  antennas,  the  an¬ 


tenna  spacing,  the  receiver  sensitivity,  and  the 
wavelength,  if  the  side  lobe  structure  is  to  be 
studied,  sufficient  transmitter  power  must  be 
provided  so  that.  In  general,  the  maximum  of 
the  beam  will  be  30-40  db  out  of  the  noise.  The 
most  common  types  of  i>ower  sources  are  (1) 
reflex  klystrons,  (2)  two-cavlty  klystrons,  and 
(3)  magnetrons.  In  general,  the  reflex  klystron 
Is  most  convenient  to  use;  however,  Us  power 
output  is  somewhat  limited.  Therefore,  In  cer¬ 
tain  secondary  pattern  measurements,  Involving 
large  antennas  and  long  transmission  paths,  a 
two-cavlty  klystron  or  magnetron  Is  to  be  pre¬ 
ferred. 

In  considering  the  sensitivity  of  microwave 
measurement  setups  one  should  not  overlook 
the  fact  that  It  is  often  possible  to  Improve  the 
slgnal-to- noise  ratio  30  db  or  more  by  a  suit¬ 
able  choice  of  detector,  whereas  an  equivalent 
Improvement  by  a  generator-power  Increase 
would  be  impractical.  The  nonlinear  element 
followed  by  a  narrowband  amplifier  Is  one  of  the 
least  sensitive  detector  systems.  Above  it  in 
sensitivity  stand  well -designed  ordinary  super¬ 
heterodyne  receivers,  and  stlllfurther  Improve¬ 
ments  are  obtained  with  a  superheterodyne  sys¬ 
tem  using  (1)  a  rotatlng-gulde  phase  shifter^ 
(-13G  dbw)  or  (2)  synchronous  detection  (-140 
dbw).  These  sensitivities  are  nominal  values 
obtainable  at  K  band  and  compare  with  -130  dbw 
for  ordinary  superheterodynes,  -100  dbw  for 
1N28  crystal  with  4  cycles  per  second  band¬ 
width  audio  amplifier,  and  -90  dbw  for  a  type 
614  bolometer  with  a  similar  audio  amplifier. 


SECTION  E.  THE  MEASUREMENT  OF  BORESIGHT  ERRORS 


12-1?.  Errors  Caused  by  Radomes 

As  discussed  In  Chapter  2,  the  purpose  of  a 
tracking  radar  Is  to  provide  angular  and  angu¬ 
lar  rate  information  for  gun  laying,  missile 
guidance,  and  other  applications  where  preci¬ 
sion  directional  information  is  required.  In 
general,  these  systems  derive  error  signals  by 
comparing  the  radar  return  with  some  type  of 
reference  signal.  This  error  signal  Is  then  used 
to  actuate  a  servosystem  that  repositions  the 
antenna  to  reduce  the  error  signal  to  zero. 
Among  the  radars  now  being  used  for  such  pre¬ 
cision  tracking  are  (1)  conical  scanning  and  (2) 
monopulse  systems. 

In  general,  the  presence  of  the  radome  causes 
an  angular  displacement  of  the  antenna  pattern, 
thus  producing  aboresight  error  In  the  angular- 
position  measurement.  Similarly,  a  changing 
boresight  error  with  changing  antenna  heading 


results  In  erroneous  Information  on  change  in 
target  heading.  This  false  Information,  fed  to  a 
computer  of  a  gun-laying  system,  can  result  in 
appreciable  system  error  and  can  lead  to  pos¬ 
sible  system  Instability. 

In  missile-guidance  systems  designed  for  pro¬ 
portional  navigation,  an  error  in  angular-bear¬ 
ing  rate  can  have  serious  effects  on  missile 
performance.  Large  values  of  error  rates  lead 
to  Intolerable  miss  distances  and,  If  very  large, 
can  result  in  missile  Instability.  This  Intro¬ 
duces  a  requirement  that  the  radome  produce 
minimum  distortion  on  the  radome  pattern. 

Since  system  performance  Is  critically  depen¬ 
dent  on  boresight  error  and  error  rate,  it  is 
Important  that  precise  measurements  be  made 
on  the  radome  to  determine  angular  errors 
prior  to  Its  actual  use  In  a  system.  Boresight 
measurements  are  made  by  electrically  aligning 
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a  transmitting  conical-scan  or  monopulse  an¬ 
tenna  with  a  receiver  and  noting  the  variation 
In  the  position  o(  the  null  when  the  radome  Is 
placed  over  the  antenna  and  routed  in  azimuth 
to  simulate  the  relative  motion  between  the  an¬ 
tenna  and  radome.  Since  pointing  accuracies  of 
a  few  hundredths  of  a  degree  are  generally  re¬ 
quired,  it  Is  very  difficult  in  practice  to  make 
theBe  measurements  by  a  direct  angular  dis¬ 
placement  of  the  antenna.  However,  the  prob¬ 
lem  Is  easily  overcome  by  fixing  the  angular 
position  of  the  transmitting  antenna  and  using 
the  receiver  to  search  for  a  null  in  a  plane 
transverse  to  the  direction  of  propagation.  The 
boreslght  error  can  be  determined  easily  from 
a  knowledge  of  the  antenna  separation  and  a 
measurement  of  the  linear  displacement  of  the 
null  frotn  its  no-rudome  position.  Ideally,  of 
course,  the  receiving  antenna  should  be  moved 
on  the  surface  of  a  sphere  having  Its  center  at 
the  phase  center  of  the  transmitting  antenna. 
However,  the  error  encountered  in  moving  the 
receiving  antenna  along  a  plane  surface  Is  en¬ 
tirely  negligible  for  the  distances  and  errors 
normally  Involved.  For  the  sake  of  convenience, 
at  times  it  may  be  desirable  to  Interchange  the 
receiver  and  transmitter.  This  is  quite  permis¬ 
sible  since  the  measurements  obey  the  laws  oi 
reciprocity. 

The  boreslght  error  is  usually  measured  in 
terms  of  two  components,  one  parallel  to  the 
antenna  offset  plane  and  the  other  perpendicular 
to  it.  This  offset  plane  is  defined  by  the  plane 
of  relative  motion  between  the  antenna  and 
radome.  The  total  boreslght  error  A  Is,  there¬ 
fore,  the  vector  sum  of  the  in-plane  component 
Aj  and  the  crosstalk  component  Ac.  Thus, 

A  =v/ai2  +  A(,2  (12.84) 

Generally  the  boreslght  error  rate  is  not  meas¬ 
ured  directly  but  is  obtained  from  plots  of  in¬ 
plane  and  crosstalk  errors  versus  antenna  off¬ 
set.  The  rate  of  change  of  error  Is  determined 
from  the  slope  of  the  curves. 


12-18,  Boreslght  Measurement  Equipment  for 
Conical  Scan  Antennae 

A  conical  scanning  radar  system  usually  in¬ 
corporates  a  mechanically  scanning  parabolic 
antenna  radiating  a  pencil  Main.  The  antenna 
rotates  continuously  about  its  mechanical  axis 
and  is  slightly  tilted  with  respect  to  this  axis, 
so  that  the  center  of  the  rotating  beam  describes 
a  cone  in  space.  A  target  falling  within  the  beam 
will  produce  an  echo,  which  Is  amplitude  modu¬ 
lated  at  the  scan  rate  due  to  the  rotation  of  the 
antenna.  If  the  target  falls  on  the  spin  axis  the 
modulation  will  disappear.  In  the  radar  system 


this  amplitude-modulated  signal  Is  compared 
against  sine  and  cosine  reference  voltages 
from  the  scan  motor  to  derive  azimuth  and  ele¬ 
vation  error  signals  for  actuating  a  servosystem 
that  repositions  the  antenna  to  reduce  the  error 
signal  to  zero. 

Figure  12-18  shows  a  typical  arrangement  of 
equipment^  for  making  radome  boreslght 
error  measurements  on  a  conical  scan  antenna. 
Here  the  scanning  antenna  housed  In  the  radome 
is  used  as  a  receiver,  and  its  output  is  detected 
with  a  crystal.  The  scanning  antenna  is  fixed  in 
position,  and  a  gimbal  arrangement  Is  provided 
to  orient  the  radome  about  the  gimbal  axis  of 
the  antenna.  A  transmitting  antenna  that  can  be 
manually  positioned  In  a  plane  normal  to  the 
scan  axis  Is  used  to  determine  the  null  position. 
For  a  conical  scan  system  this  corresponds  to 
the  position  in  the  transverse  plane  where  the 
fundamental  frequency  of  the  scanning  modula¬ 
tion  disappears.  This  signal  is  detected  by  ob¬ 
serving  the  output  of  the  error  amplifier  which 
Is  tuned  to  the  scanning  frequency. 

In-plane  and  crosstalk-plane  components  of 
the  boreslght  error  are  obtained  by  comparing 
the  location  of  the  null  with  the  radome  present 
to  its  position  without  the  radome.  Boreslght 
measurements  for  other  gimbal  positions  and 
polarizations  are  continued  on  a  point-by-polnt 
basis  until  the  entire  area  of  Interest  In  the 
radome  has  been  explored.  Hate  of  change  of 
the  boreslght  error  may  be  computed  from  the 
plotted  test  data  If  required. 

One  of  the  principal  considerations  in  testing 
the  radome  is  to  simulate  correctly  the  polari¬ 
zation  and  gimbal  positions  of  the  antenna.  While 
It  Is  certainly  desirable  to  have  both  azimuth 
and  elevation  gimbals  for  positioning  the  radome 
about  the  antenna,  a  single  azimuthal  gimbal  Is 
generally  sufficient  provided  a  means  Is  avail¬ 
able  for  changing  the  polarization.  Thus,  by 
measuring  a  series  of  horizontal  cuts  through 
the  radome  for  various  orientations  of  polariza¬ 
tion,  It  Is  possible,  at  least  in  theory,  to  re¬ 
construct  any  desired  gimbal  cut  through  the 
radome.  Generally  measurements  of  greatest 
Interest  are  horizontal  radome  cuts  with  the 
polarization  (1)  perpendicular,  (2)  parallel,  and 
(3)  15°  to  the  plane  of  offset,  By  the  previous 
definition,  errors  in  the  horizontal  plane  are 
then  designated  asin-plane  components,  whereas 
errors  In  the  vertical  plane  as  the  crosstalk 
components. 

Special  attention  should  be  giver  to  the  elim¬ 
ination  of  spurious  reflections  that  may  destroy 
the  basic  accuracy  ofthe  measurements.  Bore¬ 
slght  measurements  on  small  radomes  are  best 
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carried  out  in  a  microwave  absorbing  room  to 
eliminate  reflections  from  nearby  objects. 
However,  for  large  antennas  size  and  cost  may 
make  such  a  room  impractical,  arid  in  these 
cases  the  measurements  can  best  be  carried  out 
in  an  outdoor  site.  Particular  consideration 
should  be  given  to  the  design  of  the  radome 
mount  to  assure  that  it  simulates  the  actual  an- 
tenna-radome  installation  correctly.  A  useful 
precaution  against  reflections  is  to  cover  all 
surfaces  of  the  mount  with  a  microwave  absor¬ 
bing  material.  Obviously  the  beam  shift  due  to 
motion  of  the  gimbals  alone  (no  radome  present) 
must  be  made  small  in  comparison  to  the  beam 
shift  introduced  by  the  radome  being  tested. 

12-19.  Automatic  Boresight  Measurement 
Equipment 

Measure  ment  of  boresight  error  on  apoint-by- 
point  basis  is  obviously  very  laborious  and  time 
consuming.  For  this  reason  automatic  equip¬ 
ment  for  carrying  out  these  measurements  is 
considered  essential  in  research  and  develop¬ 
ment  programs  and  for  production  testing. 
Apparatus  for  making  automatic  measurements 
is  similar  to  that  described  above,  except  that 
a  servosystem  is  used  to  position  the  horn  into 
the  null  of  the  conically  scanning  antenna  auto¬ 
matically.  ThiB  null  position  Is  then  recorded 
as  the  radome  moves  about  the  glmbal  axis  of 
the  antenna. 

Figure  12-19  shows  a  typical  arrangement  of 
equlpment35|36  for  making  automatic  boresight 
measurements.  Electromagnetic  energy  is 


received  by  a  conically  scanning  antenna  through 
a  radome  that  is  swept  in  a  horizontal  plane 
about  the  antenna  gimbal  axis.  This  impinging 
energy  is  transmitted  by  a  horn  antenna  that  is 
servopositloned  in  a  plane  normal  to  the  antenna 
scan  axis.  If  the  horn  is  not  in  the  null  position, 
a  modulation  at  the  fundamental  of  the  scanning 
frequency  will  appear  in  the  detected  antenna 
signal.  Phase  comparison  of  the  error  signal 
with  sine  and  cosine  reference  voltages  from 
the  conically  scanning  antenna  yields  horizontal 
and  vertical  signals,  which  actuate  the  servo- 
system  to  reposition  the  receiving  horn  into  the 
null.  As  the  radome  Is  moved  about  the  dish, 
the  receiving  horn  is  continually  nulled  and  Its 
horizontal  and  vertical  position  is  automatically 
recorded  in  synchronism  with  the  radome  mo¬ 
tion.  For  small  angles  linear  motion  of  the 
horn  is  directly  proportional  to  angular  dis¬ 
placement,  so  the  recorder  may  be  calibrated 
directly  in  terms  of  angular  in-plane  and  cross¬ 
talk  error. 

Since  it  is  desirable  to  be  able  to  change  po¬ 
larization,  provisions  must  be  made  to  rotate 
the  entire  antenna  assembly  about  its  axis. 
Usually  this  can  be  accomplished  rather  simply; 
however,  it  should  be  recognized  that  rotating 
the  antenna  also  rotates  the  phase  of  the  refer¬ 
ence  signal  with  respect  to  the  horizontal  and 
vertical  motion  to  which  the  horn  is  restricted. 
Therefore,  it  is  necessary  to  add  a  variable 
phase  shifter  In  the  reference  channel  so  that 
the  reference  signal  can  always  be  returned  to 
the  horizontal  and  vertical  planes,  A  convenient 
way  of  doing  this  is  to  feed  the  sine  and  cosine 
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Figure  12-19,  Automatic  Boioclght  Mtaiuramant  Equipment 


reference  signals  to  the  two  stator  windings  of 
a  resolver.  The  outputs  from  the  two  rotor 
windings  then  are  quadrature  signals  displaced 
in  phase  from  the  input  signals  by  an  angle 
equal  to  the  angular  displacement  of  the  rotor. 
This,  then,  provides  a  simple  method  for  ad¬ 
justing  the  reference  phase  to  correspond  to  the 
horizontal  and  vertical  motion  of  the  horn. 

The  performance  of  the  servosystem  obviously 
dejpendB  to  a  large  extent  on  the  signal -to-noise 
ratio  of  the  error  signal.  Since  all  of  the  useful 
error  information  is  contained  at  the  scan  fre¬ 
quency,  ft  is  desirable  to  employ  a  band-pass 
filter  at  this  frequency,  thus  eliminating  all 
other  unwanted  frequencies.  However,  if  nar¬ 
row-band  filtering  is  used,  it  is  essential  to 
maintain  a  constant  scan  frequency  to  avoid 
phase  and  amplitude  changes  at  the  output  of  the 
filter.  For  this  reason,  sometimes  it  is  de¬ 
sirable  to  add  an  auxiliary  servosystem  to  con¬ 
trol  the  motor  speed.  Such  a  device  is  quite 
simple,  usually  consisting  of  a  frequency  dis¬ 


criminator  with  magnetic-amplifier  feedback  to 
control  the  motor-driving  voltage. 

12-20.  Doreslght  Measurements  on  Monopulse 
Systems 

Monopulse  Is  a  name  given  to  a  general  class 
of  tracking  radar  systems  that  do  not  U3e  mech¬ 
anical  scanning  antennas. Included  in  this 
category  are  (1)  phase-comparison  systems, 
(2)  amplitude-comparison  systems,  and  (3) 
phase-amplitude  systems. 

The  phase-comparison  system  determines  the 
direction  of  the  target  by  comparing  the  phase 
of  the  radar  return  picked  up  by  four  antennas 
spaced  several  wavelengths  apart.  Figure  12-20 
gives  a  functional  block  diagram  of  such  a  sys¬ 
tem.  The  four  horns  are  interconnected  with 
four  hybrid  junctions  which  allow  separate  trans¬ 
mission  and  reception  channels,  The  sum 
channel,  used  for  transmission,  feeds  all  four 
horns  In  phase,  thus  producing  a  pencil-beam 
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pattern  along  the  axis  of  the  four-horn  array.  The  phase-amplitude  system  determines  target 

The  elevation  channel,  on  reception,  combines  direction  by  using  amplitude  information  in  one 

the  signal  from  the  two  top  horns  180°  out  of  plane  and  phase  Information  in  the  other.  The 

phase  with  the  signal  from  the  two  bottom  horns.  system  uses  two  antennas  with  the  beams  ori- 

Thus  a  sharp  null  exists  along  the  antenna  horl-  ented  so  that  they  converge  in  azimuth  and 

zontal  axis  in  the  elevation  reception  pattern.  diverge  in  elevation.  Azimuth  information  is 

Similarly,  azimuth  error  is  obtained  from  an  obtained  by  comparing  the  -phase  of  the  two 

output  that  combines  out-of-phase  signals  from  antennas,  whereas  elevation  Information  is  ob- 

the  right  and  left  horns  to  produce  a  null  along  talned  from  an  amplitude  comparison, 

the  antenna  vertical  axis.  The  voltage  received 

in  the  sum  channel  is  used  as  a  reference  against  The  arrangement  of  equipment  for  making 
which  the  azimuth  and  elevation  signals  are  point-by-point  radome-boresight-error  meas- 

compared  in  phase  to  derive  an  error  signal  urements  with  a  monopulse  antenna  is  given  in 

for  actuating  the  antenna  servos.  Figure  12-21.  As  in  the  case  of  the  conical- 

scan  antenna,  boresight  error  is  measured  by  a 
displacement  of  the  null  position  in  a  plane  nor- 
The  amplitude-comparison  system  determines  malto  the  line  of  sight  between  the  two  antennas, 

target  direction  by  comparing  the  amplitude  of  Separate  error  signal  channels  are  required 

the  radar  return  picked  up  by  four  antennas  lo-  when  using  a  phase-comparison  or  anamplitude- 

cated  essentially  at  a  point  and  pointed  so  that  comparison  monopulse  antenna.  To  obtain  the 

their  beams  diverge,  The  microwave  plumbing  correctnull  both  channels  must  be  nulled  simul- 

is  essentially  the  same  as  that  of  the  phase-  taneously.  For  the  phase-amplitude  system, 

comparison  system.  Elevation  Information  is  only  one  such  error  channel  Is  required.  Note 

obtained  by  comparing  the  difference  in  ampli-  that  the  error  signals  obtained  by  this  method 

tude  between  the  top  and  bottom  antennas,  while  are  unsatisfactory  for  servo  operation  since 

azimuth  information  ie  obtained  from  a  left-  they  provide  no  directional  sense  information, 

right  comparison.  Again  the  sum  signal  is  used 

as  a  reference  for  establishing  error  signals  Automatic  radome -boresight  measurements 
for  servo  actuation.  are  made  most  conveniently  on  a  monopulse 
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system  by  utilising  the  actual  radar  system  criminators,  the  need  for  the  radar  thus  being 

operating  as  a  receiver.  Azimuth  and  elevation  eliminated.  However,  to  accomplish  this  it  is 

error  signals  from  the  phase  discriminators  necessary,  in  general,  to  make  rather  extensive 

are  then  directly  available  for  actuating  a  servo-  modifications  to  the  microwave  plumbing.  These 

system,  which  positions  .the  transmitting  horn  modifications  may  therefore  cast  some  doubt 

into  the  null  of  the  monopulse  antenna.  In  on  the  validity  of  the  final  measurements.  For 

principle,  of  course,  these  same  error  signals  this  reason  the  preferred  method  Is  to  use  the 

can  be  obtained  from  microwave  phase  dis-  actual  radar  receiving  channels. 


SECTION  F.  PHASE  AND  AMPLITUDE  MEASUREMENTS  IN  THE  NEAR  FIELD 

The  measurement  of  the  intensity  and  phase  12-21.  Equipment  for  Near-Zone  Measurements 
distribution  in  the  immediate  vicinity  of  a 

radome  that  contains  a  radiating  antenna  is  of  A  block  diagram  of  equipment  suitable  for 

interest  in  studying  the  causes  of  beresight  making  near-zone  phase  and  amplitude  meas- 

error  and  for  checking  certain  design  criteria.  urements3®'43  ic  given  in  Figure  12-22.  The 

By  comparing  the  measurements  with  those  klystron  output,  after  suitable  isolation,  is  fed 

made  on  the1  antenna  alone,  the  effects  of  the  to  the  antenna  radome  under  test.  In  addition, 

radome  may  be  detected  and  correlated  with  the  a  power-divider  provides  a  reference  signal, 

far-  zone  pattern  and  the  boresight  error.  It  is  which  branches  off  to  a  calibrated  phase  shifter 

generally  most  convenient  to  take  these  ampli-  and  thence  to  the  H-plane  arm  of  a  magic  T. 

tude  and  phase  measurements  along  a  plane  The  near-field  energy  radiated  from  the  antenna 

perpendicular  to  the  axis  of  the  antenna,  al-  is  received  by  a  small  pickup  probe  and  fed  to 

though  certain  investigators33  have  made  these  the  E-plane  arm  of  the  magic  T.  These  signals 

measurements  along  the  outer  surface  of  the  are  then  detected  with  a  matched  crystal  or 

radome.  However,  correlation  of  the  radiation  bolometer  in  the  third  arm  of  the  magic  T.  The 

pattern  with  the  near-zone  field  can  be  most  output  of  the  detector  Is  then  indicated  on  a 

easily  accomplished  when  the  measurements  voltmeter  connectedto  an  amplifier  tuned  to  the 

are  in  a  plane.  In  this  case,  a  first  order  ap-  modulating  frequency  of  the  klystron.  The 

proximatlon  to  the  boresight  error  Is  given  measurement  procedure  Is  to  place  the  pickup 

simply  by  the  linear  term  of  phase  variation  probe  at  the  desired  near-field  position,  and 

caused  by  the  radome.  the  calibrated  phase  shifter  is  adjusted  until 
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the  voltmeter  Indicates  a  minimum  value.  At 
this  point  the  two  signals  are  180°  out  of  phase. 
Since  only  relative  phase  across  the  aperture 
is  of  interest,  this  first  measurement  may  be 
taken  as  a  reference,  and  the  relative  phase  for 
the  subsequent  positions  of  the  probe  Is  given 
by  the  difference  In  phase  shifter  positions 
referred  to  the  first  reading. 

To  obtain  a  well-defined  null  at  the  detector, 
It  is  important  that  the  measured  signal  and 
reference  be  approximately  equal  In  amplitude. 
However,  since  the  power  from  the  probe  varies 
with  apertu.e  position,  it  is  not  always  possible 
tu  keep  the  levels  the  same.  Although,  In  prin¬ 
ciple,  the  power  level  of  the  probe  or  reference 
may  be  changed  during  the  phase  measurements 
by  moans  of  a  varlableattenuator.lt  is  generally 
unadvlsable  to  do  so  because  of  the  probability 
of  a  phase  change  in  the  attenuator.  The  recom¬ 
mended  procedure  Is  to  set  the  power  level  of 
the  reference  signal  to  the  average  power  level 
obtained  from  the  pickup  probe  as  It  moves 
acrosti  the  aperture.  Such  a  procedure  will,  of 
course,  result  in  a  broad  null  at  (Mints  where 
Hie  probe  signal  differs  from  this  average.  This 
tlilliculty  may  be  overcome  by  using  a  balance., 
detector  system,  as  discussed  In  Chapter  It, 


or  as  discussed  below  in  a  slightly  different 
form  for  automatic  near-field  measurements. 

Reflections  from  nearby  objects,  can,  of  course, 
cause  errorB  tn  measurements,  and,  for  this 
reason,  it  Is  desirable  to  make  all  measurements 
In  a  room  covered  with  microwave  absorber. 
To  obtain  the  near-zone  amplitude  distribution 
the  reference  signal  to  the  magic  T  is  removed 
and  the  output  of  the  tuned  amplifier  is  then 
directly  proportional  to  the  Bquare  of  the  field 
Intensity. 

There  are  several  requirements  that  the  pickup 
probe  must  satisfy  to  obtain  accurate  near-fleld 
phase  and  amplitude  measurements: 

1.  The  probe  must  be  small  enough  to  meas¬ 
ure  the  field  essentially  at  a  point.  If  this  con¬ 
dition  Is  not  met,  the  probe  will  have  an  Inte¬ 
grating  eflect  and  all  rapid  field  variations  will 
be  averaged  out  in  the  measurements. 

2.  The  probe,  its  supporting  structure,  and 
any  associated  cables  or  waveguide  must  not 
disturb  the  field  to  a  degree  that  the  accuracy 
of  the  measurements  will  be  destroyed. 
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3.  The  polarization  must  be  correct. 

4.  The  probe  must  have  sufficient  gain  to 
provide  a  signal  large  enough  for  accurate  meas¬ 
urements. 

41 

Hichmondand  Tice  have  investigated  the  de¬ 
sign  of  near-field  pickup  probes  and  have  come 
up  with  the  rather  simple  dielectric-loaded 
probe  shown  in  Figure  12-23.  This  probe  has 
been  rather  extensively  tested  and  proved  satis¬ 
factory  for  measurements  in  the  X-band  region. 

Many  of  the  instrumentation  problems  of  these 
near-field  measurements  are  identical  to  those 
encountered  in  the  electrical  thickness  gages 
discussed  in  Chapter  11.  The  interferometer 
type  thickness  gage  Is  essentially  the  same  de¬ 
vice  as  the  probing  system  of  Figure  12-22, 

12-22.  Discussion  of  Calibrated  Phase  Shifters 

In  the  measur  ement  procedure  desc  ribed  above, 
the  calibrated  phase  shifter  is  used  as  a  standard 
against  which  the  unknown  phase  is  compared, 
Naturally,  the  accuracy  of  the  measurements  Is 
directly  related  to  the  calibration  of  the  phase 
shift.  It  is,  therefore,  extremely  important  that 
this  calibration  be  accurately  known.  For  this 
reason  it  is  desirable  to  choose  a  phase  shifter 
in  which  the  phase  change  is  linearly  related  to 
displacement  or  rotation.  Several  such  decides 
are  discussed  below: 

Slotted-Llne  Phase  Shifter.  One  of  the  simp¬ 
lest.  and  beat  known  phase  shifters  is  obtained 
by  feeding  the  r-f  reference  Into  a  tunable 
sliding  probe  of  a  slotted-waveguide  section 
terminated  atone  end  In  a  matched  load  (Figure 
12-24).  The  phase  shifted  signal  is  then  ob¬ 
tained  from  the  other  endof  the  guide,  the  phnse 
shift  being  directly  proportional  to  the  position 
of  the  probe  along  the  line,  The  shift  of  posi¬ 
tion  of  this  slotted  section  probe  through  one 
guide  wave  length  corresponds  to  a  phase  shut 
of  360°.  Thus, 


A  v>  =  360°—  (12-85) 


where  A  ••••is  the  relative  phase  shift,  ‘-lathe 
wave-length  in  the  guide,  and  d  is  the  displace¬ 
ment  ot  the  slotted-line  probe  with  respect  to 
an  arbitrary  reference. 

To  assure  good  linearity,  the  probe  must  be 
loosely  coupled  to  the  slotted  line  and  the  load 
teynlnatingthe  line  must  be  a  good  match.  For 
±1  phase  linearity  in  the  slotted  section,  the 
voltage-standing-wave  ratio  of  the  termination 
should  not  exceed  1.03. 

Phase  Shifter  Employing  a  Movable  PlBton.  A  ■ 
very  simple  and  accurate  phase  shifter  can  be 
constructed  from  a  directional  coupler  and  a 
movable  shorting  piston  in  an  arrangement  like 
that  shown  in  Figure  12-25.  The  reference 
signal  is  fed  into  the  branch  arm  3  of  the  direc¬ 
tional  coupler.  The  majority  of  this  energy  is 
absorbed  in  the  matched  load  terminating  the 
branch  arm;  however,  a  fraction  of  the  energy 
(determined  by  the  coupling  factor)  couples  into 
the  main  guide  in  a  backward  direction.  A 
shorting  piston  in  arm  1  Intercepts  this  back¬ 
ward-traveling  wave  and  reflects  It  forward* 
into  arm  2.  It  is  evident  that  the  relative  phase 
at  the  output  of  arm  2  is  directly  proportional 
to  the  position  of  the  movable  shorting  piston. 
Since  the  energy  travels  from  the  coupling  slot 
to  the  piston  and  back  to  arm  2  it  is  evident  that 
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’  It  Is  apparent  that  a  small  fraction  of  this 
energy  is  reflected  back  to  arm  3.  However, 
this  signal  is  down  by  the  square  of  the  coupling 
factor  and  is  therefore  negligible  for  coupling 
coefficients  of  approximately  -20  db. 
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moving  the  piston  through  half  a  guide  wavelength 
shifts  the  phase  by  360°.  Thus, 

A  <.  =  360°—  (12-86) 

XB 

where  A  <*  is  the  relative  phase  and  d  Is  the 
uispiacemeniui  iiie  ehui  iing  pisum  with  respect 
to  an  arbitrary  reference. 

The  accuracy  of  UUa  type  of  pliaee  shifter  Is 
directly  related  to  the  directivity  of  the  coupler. 
For  ±1°  phase  linearity  the  directivity  should 
be  30  db  or  greater.  In  addition,  coupling  co¬ 
efficients  of  -20dbor  smaller  should  be  chosen 
in  order  to  reduce  the  reflections  into  arm  3, 
However,  larger  coupling  coefficients  may  be 
used  provided  a  ferrite  isolator  is  used  in  the 
reference  aru..-  These  requirements  on  the 
directional  coupler  are  not  unusually  severe 
and  are  met  by  several  commercially  a  vailable 
units. 

Rotary  Phase  Shifter.  A  180°  differential 
phase  shifter  (half-wave  plate)  has  the  useful 
property  that  ii  it  is  placed  in  an  Incident  field 
of  fixed  linear  polarization  and  rotated  through 
anangle  e  itwill  cause  a  rotation  of  theemergent 
polarization  equal  to  twice  e.  When  this  fact  is 
applied  to  both  components  of  a  circularly  po¬ 
larized  wave,  It  becomes  apparent  that  the 
emergent  wave  will  be  circularly  polarized  in 
the  opposite  sense  with  the  Instantaneous  orien¬ 
tation  of  the  polarization  rotated  through  twice 
the  rotational  angleof  the  half-wave  plate.  Since 
with  circular  polarization  a  change  in  instan¬ 
taneous  polarization  corresponds  to  a  phase 
shift,  rotation  of  the  half-wave  plate  provides  a 
convenient  technique  for  shifting  the  phase. 

phase  changer,  based  on  the  above  principle, 
and  having  a  phase  shift  equal  to  twice  the 
angular  rotation  can  be  constructed  from  two 
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quarter-wave  pl.'tes  and  one  half-wave  plate 
assembled  in  tandem  in  the  arrangement  shown 
in  Figure  12-26.  The  input  section  consists  of 
a  rectangular-to-circular  waveguide  (TEyy 
mode)  transition. 

The  first  quarter-wave  plate  converts  the  in¬ 
cident  linearly  polarized  wave  into  a  circularly 
polarized  wave.  Next,  the  wave  passes  through 
a  half-wave  plate  mounted  in  a  bearing  so  it  is 
free  to  rotate  about  its  axis.  A  rotation  of  the 
180°  differential  section  through  an  angle  n 
rotates  the  Instantaneous  orientation  of  the  po¬ 
larization  through  twice  6  thereby  shifting  the 
phase  of  the  emergent  circularly  polarized  wave 
by  twice  it.  The  second  quarter-wave  plate  re¬ 
converts  the  circular  polarization  back  to  a 
linearly  polarized  wave. 

An  X-bandphaBe  shifter  based  on  this  principle 
is  now  commercially  available  through  the 
Hewiitt- Packard  Company43  and  is  convenient 
for  phase  measurements.  Accuracies  of  ±2° 
are  quoted  by  the  manufacturer. 

12-23,  Automatic  Near-Field  Measurement 
Equipment 

In  practice,  point-by-point  near-field  radome 
investigations  become  quite  laborious,  since  it 
is  necessary  to  make  numerous  phase  and  am¬ 
plitude  measurements  over  the  radome-antenna 
aperture.  For  this  reason  It  1b  quite  desirable 
to  be  able  to  make  these  measurements  auto¬ 
matically.  Apparatus  for  accomplishing  this 
task44i4“i46is  basically  the  same  as  that  dis¬ 
cussed  above,  except  for  the  iact  that  a  servo- 
system  is  used  to  drive  the  phase  shifter  into 
the  null  position.  The  probe  is  programmed  to 
explore  the  field,  and,  as  it  does  so,  the  phase- 
shifter  position  and  the  field  intensity  are 
recorded. 

The  magic  T,  phase-comparison  circuit  of  the 
type  described  above  is  unsatisfactory  for  Bervo 
control  since  it  provides  no  directional  sense 
information.  That  is,  phase  errors  on  either 
side  of  the  null  provide  an  error  signal  of  the 
same  polarity.  For  servo  application  a  dynamic 
phase  comparator,  or  phase  discriminator,  is 
required.  With  a  phase  discriminator  the  error 
signal  changes  polarity  as  the  phase  goes  through 
the  null  position.  This  then  provides  the  desired 
control  voltage  for  servo  operation.  Figure 
12-27  shows  a  coherent  phase  discriminator  that 
uses  a  matched  pair  of  crystals  in  the  two  coil- 
near  arms  of  a  magic  T.  The  test  signal  that  is 
fed  to  the  E  -plane  arm  is  assumed  to  be  square- 
wave  modulated.  The  reference  signal  is  un¬ 
modulated  and  Is  fed  to  the  H-plane  arm.  It  is 
evident  that  the  H-plane  arm  will  feed  the  two 


510 


Flgvtm  12-26.  Rotcry  Pha ••  Sh/ft9r 


crystals  in  phase,  while  the  E-plane  arm  will 
feed  them  .180°  out  of  phase.  Therefore  the 
difference  in  amplitude  between  the  two  square- 
law  detectors  is 

^  Am(t)  +  Be^  ^  \  Am(t)  - 

It  it 

■  a  (12-87) 

Be^  |  =  ABm(t)  cos  <t> 

where  A  and  B  are  the  amplitudes  of  the  r-f 
signals,  >P  Is  the  phase  difference  between  them, 
and  m(t)  Is  a  function  that  describes  amplitude 
modulation  of  the  test  signal.  Thus,  when  <t> 
equals  80°,  no  potential  difference  exists  be¬ 
tween  the  two  detectors  and  the  transformer 
current  is  zero.  However,  if  the  two  signals 
are  not  In  phase  quadrature  a  current  will  flow 
through  the  transformer  and  its  instantaneous 
direction  of  flow  will  be  determined  by  whether 
<t  is  smaller  or  larger  than  90°.  The  current 
reversal  as  passes  through  90°  corresponds 
to  a  180°  phase  shift  in  the  output  signal  from 
the  transformer.  This  phase  shift  is  detected 
by  synchronously  rectifying  the  transformer 
output  against  the  modulation  Bignal  as  a  ref¬ 
erence.  The  final  filtered  output  of  the  syn¬ 
chronous  rectifier  is  therefore  a  d-c  voltage, 
which  Instantaneously  changes  polarity  as  the 
phase  goes  through  the  null  position.  Note  that 


in  this  system  there  is  no  need  for  the  ampli¬ 
tudes  of  the  test  signal  and  reference  to  be  ap¬ 
proximately  equal  as  long  as  the  crystals  have 
identical  dynamic  characteristics.  In  addition 
the  coherent  phase  discriminator  has  unusual 
sensitivity,47  with  sensitivities  of  -125  dbw 
being  easily  obtainable  at  X  band. 

Figure  12-28  shows  a  typical  arrangement  of 
equipment  for  making  automatic  amplitude  and 
phase  measurements  in  the  near  field  of  the 
antenna- radome  combination.  Radio  frequency 
energy  from  an  unmodulated  klystron  oscillator 
is  fed  to  the  antenna  radome  under  test.  The 
near-field  energy  radiated  from  the  antenna  is 
received  by  a  small  pickup  horn  which  explores 
the  aperture  field.  The  received  signal  is  then 
amplitude  modulated  with  the  ferrite  modulator 
(Gyraline)  at  an  audio  rate.  A  portion  of  this 
Bignal  is  fed  to  a  coherent  phase  discriminator 
of  the  type  described  above.  The  unmodulated 
reference  to  the  phase  discriminator  is  obtained 
from  the  klystron  after  passing  through  the  call-, 
brated  phase  shift.  The  error  signal  from  the 
phase  discriminator  serves  to  actuate  a  servo¬ 
motor  that  is  geared  to  the  calibrated  phase 
shifter.  This,  lnturn,  positions  the  phase  shifter 
to  as  to  maintain  a  constant  phase  difference  of 
90°  between  the  test  signal  and  the  reference. 
A  recording  system  continually  plots  the  posi- 
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tion  of  the  calibrated  phaae  shifter  aa  the  field 
ia  explored  with  the  receiving  probe. 

Near-field  amplitude  measurements  are  made 
by  feeding  a  portion  of  the  modulated  r-f  signal 
from  the  pickup  probe  to  a  square- law  detector 
and  thence  to  a  tuned  amplifier  and  recorder. 
Thus,  measurements  of  the  phase  and  amplitude 
are  made  automatically  and  simultaneously  as 
the  pickup  probe  explores  the  aperture  field. 


the  error  Bignal  amplifier  output  is  independent 
of  field  Intensity  variations.  In  practice  an  AGC 
circuit  that  operates  over  a  30  to  40  db  range  is 

aatlafnnf nry  fnr  rT'.OStncar-SOr.C  MCSSSitCuitmi, 

since  intensity  variations  o i  interest  across  the 
aperture  do  not,  in  general,  exceed  this  value. 


Care  must  be  taken  to  insure  that  the  AGC  de¬ 
tector  is  sensitive  enough  to  operate  effectively 
at  the  signal  levels  available  from  the  probe. 
In  the  system  of  Figure  12-28,  for  example, 
since  the  balanced  r-f  phase  detector  Is  more 
sensitive  than  the  crystal  AGC  detector,  the 
overall  system  sensitivity  Is  limited  below  the 
optimum  value  by  the  AGC  detector. 

The  accuracy  of  servotracking  depends  in  part 
on  the  noise  level  in  the  null.  To  reduce  this 
noise  level,  special  attention  should  be  given  to 
the  design  of  the  klystron  power  supply  to  achieve 
minimum  voltage  ripple.  In  addition,  some  in¬ 
vestigators4?, 48, 49  have  taken  the  added  pre¬ 
caution  of  submerging  the  klystron  in  a  tank  of 
oil  to  reduce  the  noise  and  drift  further. 


The  flexing  of  the  coaxial  cable  as  the  pickup 
probe  moves  across  the  aperture  may  cause  an 
apparent  phase  shift  in  the  field.  For  this  rea¬ 
son,  precautions  should  be  taken  to  assure  mini¬ 
mum  cable  bending.  Measurements47  taken  on 
a  4-foot  section  of  RG-9U  cable  suspended  ver¬ 
tically  with  the  lower  end  moved  ±9  inches  of 
vertical  indicate  an  attendant  phase  error  of 
*  1°.  This  is,  therefore,  within  tolerable  limits 
of  most  measurements. 

12-24.  Near- Field  Measurements  Using  the 
Scattering  Method 


To  prevent  the  possibility  of  any  signal  coupled 
back  from  the  phase  discriminator  from  be¬ 
coming  modulated,  a  ferrite  isolator  Is  placed 
between  the  modulator  and  the  phase  discrim¬ 
inator.  Thus  the  test  signal  passes  through 
the  isolator  essentially  unattenuated,  but  any 
signal  entering  the  isolator  from  the  reverse 
direction  la  highly  attenuated.  This  isolator 
virtually  eliminates  interaction  effects  in  the 
system. 

Since  the  output  of  the  phase  discriminator  Is 
directly  proportional  to  the  field  intensity,  it  is 
evident  that  the  servoloop  gain  will  vary  con¬ 
siderably  as  the  probe  moves  across  the  aper¬ 
ture  field  of  the  antenna.  To  overcome  this 
difficulty,  an  automatic  gain  control  (AGC) 
capable  of  varying  the  error  signal  amplifier 
gain  inversely  with  the  field  intensity  is  used. 
Thus,  within  the  operating  range  cf  the  AGC, 


Linear  Conducting . jlcattgrer.  An  alternate 
method®®*  tor  near-field  radome  measure¬ 
ments  makes  use  of  the  scattering  from  a  thin 
linear  conductor  supported  on  a  nylon  thread. 
The  wave  scattered  by  the  conductor,  as  it  is 
moved  across  the  aperture,  is  separated  from 
the  transmitted  wave  by  a  carefully  tuned  hybrid 
junction.  The  signal  appearing  at  the  receiver 
arm  of  the  hybrid  is  prop;,  tional  to  the  square 
of  the  tangential  electric  field  component  at  the 
scatterer.  Therefore,  the  amplitude  and  phase 
at  any  point  in  the  field  can  be  determined  by  the 
phase  and  amplitude  of  the  signal  at  the  receiver 
arm.  The  principle  advantage  of  the  scattering 
technique  is  that  it  produces  minimum  distor¬ 
tion  of  the  field,  Bincc  there  are  no  cables  or 
waveguides  to  connect  to  the  scatterer.  For 
example,  accurate  measurements  is.e  been 
made  ins;  e  a  waveguide  and  »->  the  region  be¬ 
tween  the  antenna  and  the  radome. 
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Figure  12-29  glveB  an  abbreviated  block  dia¬ 
gram  oi  the  measuring  system.  The  klystron  is 
connected  to  the  H-plane  arm  of  the  magic  T 
and  the  E-plane  arm  is  the  receiver  charnel. 

The  two  remaining  arms  are  terminated  in  the 
antenna  and  a  resistive  load.  If  the  input  im¬ 
pedance  of  the  antenna  is  perfectly  matched  to 
the  load,  no  power  is  coupled  from  the  klystron 
to  the  receiver,  in  practice  the  antenna  must 
be  tuned  until  the  T  isolation  is  approximately 
100  db.  Energy  scattered  from  the  thin  conduc¬ 
tor  produces  a  reflected  wave  at  the  antenna 
terminal,  which  is  separated  by  the  hybrid 
junction  and  produces  the  desired  signal  in  the 
receiving  arm. 

The  principle  disadvantage  of  this  method 
stems  from  the  fact  that  the  scatterer  must  be 
short  to  indicate  the  field  at  a  point  and  it  must 
be  thin  to  discriminate  against  orthogonal  po¬ 
larization.  Hence,  the  scattered  signal  is  small, 
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and  so  the  isolation  between  transmitter  and 
receiver  must  be  very  large  (about  100  db).  To 
achieve  Buch  large  isolation,  the  antenna  and 
load  must  be  tuned  to  a  very  high  degree  of 
balance.  Since  the  tuning  is  frequency  sensith  „, 
a  monochromatic  drift-free  signal  source  is 
required.  In  addition  the  antenna  must  be  re¬ 
tuned  for  each  position  of  the  radome. 

Modulated  Scatterer.  The  isolation  require¬ 
ment  can  be  considerably  relaxed  provided  a 
modulation  is  added  to  the  scattered  wave. 
Since  the  transmitted  wave  is  unmodulated,  a 
coherent  phase  discriminator  can  be  used  to 
distinguish  between  scattered  energy  and  trans¬ 
mitter  leakage.  Horton52  has  suggested  a  method 
for  phase  modulating  the  scattered  wave  by  vi¬ 
brating  the  scatterer  in  a  plane  parallel  to  the 
direction  of  propagation.  This  vibration  is  ac¬ 
complished  by  applying  a  forcing  function  to  the 
thread  supporting  the  scatterer.  Richmond52, 
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Figure  12*29.  Abbreviated  Block  Diagram  of  Scattering  Method 


on  the  other  hand,  has  amplitude-modulated  the 
scattered  wave  by  placing  a  nonlinear  Impedance 
at  the  center  of  the  dipole  and  applying  an  audio 
voltage  through  slightly  conducting  threads. 
The  required  isolation  of  the  magic  T  isredi’ced 
approximately  55  db  by  the  use  ofthls  modulation 
technique. 

Comparison  of  Methods.^4  The  direct  probing 
method  is  relatively  straightforward  and  simple 
and  can  probably  be  used  for  the  greatest  ma¬ 
jority  of  radome  near-field  measurements,  es¬ 
pecially  alonga  reference  plane  such  as  indicated 
in  Figures  12-22  and  12-28.  Care  should  be 
taken  to  minimize  the  distortion  produced  by 
the  probe  support  and  feed  cable  or  waveguide. 
On  the  other  hand,  in  contrast  with  the  scattering 
method,  It  Is  doubtful  whether  thedlrect  probing 
method  could  be  used  satisfactorily  to  measure 
the  detailed  field  structure  inside  a  waveguide 
or  in  the  region  between  the  antenna  and'radome. 

As  discussed  above,  the  use  of  the  linear  con¬ 
ducting  scatterer  normally  requires  a  very 


stable  signal  source  and  critical  tuning  of  the 
magic  T  to  obtain  the  required  isolation.  These 
requirements  are  greatly  relaxed  if  the  meas¬ 
urements  are  to  be  made  in  a  region  where  the 
field  is  relatively  strong,  such  as  that  between 
the  antenna  and  the  radome.  This  method  eli¬ 
minates  the  problems  of  field  distortion  by  the 
support  and  feed  line.  The  necessary  readjust¬ 
ment  of  the  T  If  the  radome  Is  moved  might  be 
objectionable  for  some  purposes. 

Modulatingthe  scatterer  essentially  eliminates 
the  problems  of  frequency  stability  and  T  bal¬ 
ance;  also  the  sensitivity  is  greatly  Improved. 
The  method  Is  limited  by  the  minimum  physical 
size  of  the  available  nonlinear  Impedance. 

In  summary,  direct  probing  is  probably  pre¬ 
ferable  in  regions  of  fairly  weak  signals  and 
where  the  di  stortion  due  to  the  supporting  struc¬ 
ture  and  feed  line  is  not  too  serious.  A  scat¬ 
tering  method  Is  probably  preferable  In  regions 
of  strong  signal  and  where  great  care  muBt  be 
taken  to  avoid  distorting  the  field  by  Inserting 
the  probe. 
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Chapter  13 

PRACTICAL  COMPUTATIONAL 
DESIGN  PROCEDURES 


Samuel  Wolin 

U„S.  Naval  Air  Development  Center 
Johnsville,  Pennslyvunla 


INDEX  OF  SYMBOLS 


Al 


Center  of  the  respective  area  f||, 

elements  in  itttt  uioli  «peituic 


ai 


"Effective"  radiator  amplitudes 


d 


Thickness  of  one  layer  of  a  panel  tan  Sc 


dAo 

dc 

dcA(j 

da 

dt 

LraO^  0) 


LCP 

R 


RCP 

Ril-  Ri 


Si 

T2 

T2||,  Tf 


T  2 

trcp 

T 


Al  Al 


T||,  Ti 


Thickness-to-wavelength  ratio  tan  8n 

Core  thickness  X^ 


Thickness-to-wavelength  ratio 
Skin  thickness 

Thickness-to-wavelength  ratio 
Total  wall  thickness 

/ 

Relative  electric  field  Intensity 
at  point  P(p,  0) 

Tb  e  factor 

Left-circularly  polarized 

With  T,  functions  faf  dA  q  with 
various  fixed  e  or  as  functions 
of  8  for  various  fixed  dAo 

Right- circularly  polarized 

Reflection  phase  shifts,  parallel 
and  perpendicular  polarizations, 
respectively  (radians) 

Antenna  aperture  power  density 
appropriate  to  the  area  A} 

Power  transmission  coefficient 

Power  transmission  coefficients, 
parallel  and  perpendicular 
polarization,  respectively 

Constant  power  transmission 

With  R,  functions  of  dAo  wiUl 
various  fixed  e  or  as  functions 
of  6  for  various  fixed  dAo 

Lead  angles  corresponding  to 
the  time  factor  eJ**,  parallel 
and  perpendicular  polarization, 
respectively 


AT2 

SH7 


AT2 

AO. 

AT2 

Aec 

at\ 

'■  '  s 

s 


ec 

er 

6s 

6 

x0 

e 

eRCP 

eLCP 


Transmission  coefficients  for 

psttsl'ici  Ai'j  pci  pvTlUACulitl 

polarization,  respectively 


Loss  tangent  of  core 

Loss  tangent  of  skin 

X*  -coordinate  of  the  center 
of  A} 

Insertion  phase  delay 

Insertion  phase  delays,  parallel 
and  perpendicular  polarization, 
respectively  (radian*) 

Phase  delay  of  the  radiators 

Transmission  Iosb  (percent 
per  hundredth  inch  deviation 
In  core  thickness  at  optimum 
core  thickness) 

Transmission  change  (percent 
per  hundredth  inch  change  in 
skin  thickness  at  optimum  core 
thickness) 

Transmission  loss  (percent  per 
unit  change  in  <c  at  optimum 
core  thickness) 

Transmission  loss  (percent  per 
unit  deviation  in  <B  at  optimum 
skin  thickness) 

Relative  phase  shift 

Core  dielectric  constant 

Dielectric  constant 

Skin  dielectric  constant 

Angle  of  incidence 

Free  space  wavelength 

Polarization  angle 

Insertion  phase  delay 

Phase  delay 
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PRACTICAL  COMPUTATIONAL  DESIGN 

PROCEDURES 


SECTION  A.  REFLECTION  AND  TRANSMISSION  OF  ELECTROMAGNETIC  WAVES  AT 
ARBITRARY  INCIDENCE  ANGLES  BY  LOSSY  PLANE  DIELECTRIC  PANELS 


13-1.  Available  Data 

Equations  for  computing  complex  transmission 
and  rdlectlon  coefficients  for  flat  panels  com¬ 
posed  of  any  number  of  homogeneous  dielectric 
layers  In  tandem  were  given  In  Chapter  2.  Many 
tables  and  curves  have  been  prepared  from 
these  (or  from  other  essentially  Identical)  equa¬ 
tions  for  the  Important  cases  of  perpendicular 
and  parallel  polarizations.  Perhaps  the  most 
extensive  efforts  have  been  exerted  by  U.  S. 
Naval  air  development  groups  and  U.  S.  Air 
Force  development  groups  to  expand  the  avail¬ 
able  data  toward  some  semblance  of  complete¬ 
ness.  The  single -layer  wall  has  received  most 
attention,  and  transmission  data  for  It  are  now 
relatively  complete  (In  the  lossless  case)  for 
first  and  second  order  thicknesses  with  relative 
dielectric  constants  up  to  10.  The  problem  of 
the  symmetrical  "A"  sandwich  has  also  been 
attacked  vigorously,  While  the  parameters  of 
this  structure  are  so  numerous  that  degrees  of 
data  completeness  are  difficult  to  define,  it  now 
appears  that  sufficient  data  are  available  to  in¬ 
dicate  the  transmission  possibilities  of  this 
configuration,  at  least  for  dielectric  constants 
up  to  6.0 and  1.4  (tor  the  skins  and  core  respec¬ 
tively).  "B"  and  "C"  sandwiches  have  also  re¬ 
ceived  considerable  attention,  and  limited 
discussions  of  multilayer  structures  have  ap¬ 
peared.  A  Urge  part  of  the  currently  available 
data  may  be  found  In  References  1  through  49. 

13-2.  Data  Calculation  and  Presentation 

Most  calculations  of  plane -wave  coefficients 
are  now  carried  out  on  high-speed  digital  com¬ 


puters.  The  economy  of  such  calculations  thus 
depends  on  setting  up  the  equations  of  Chapter 
2  in  a  manner  for  the  most  efficient  machine 
evaluation.  A  matrix  formulation  is  ideal  from 
the  standpoint  of  rapid  programming  and  check¬ 
ing.  The  exact  form  of  reiteration  to  be  used, 
however,  depends  on  which  coefficients  are  de¬ 
sired  and  on  the  nature  of  the  multilayer  panel. 
Processing  the  data  received  from  computers 
can  constitute  an  expensive  portion  of  a  com  - 
putation  program .  Complete  machine  handling 
(calculation,  plotting,  and  crossplotting)  is 
extremely  desirable  to  minimize  human  errors. 

The  complex  reflection  and  transmission  co¬ 
efficients  are  functions  of  incidence  angle,  po¬ 
larization,  and  panel  deBign  (layer  thickness  and 
electrical  characteristics).  In  a  two-dimen¬ 
sional  plot  to  describe  some  property,  such  us 
'l\*  ftiie  power  transmission  rwH'icient),  or 
*j_,  (the  Insertion  phase  delay),  we  must  there¬ 
fore  fix  all  but  two  parameters  and  relate  the 
desired  quantity  to  these  parameters  by  a 
family  of  curves  (for  example,  Tj_*  versus 
dAp  for  various  fixed  0).  A  majority  of  the 
calculations  to  date  have  presented  +  and  R  as 
functions  of  dAp  with  various  fixed  0  or  as 
functions  of  0  for  various  fixed  dAp,  where  d 
is  the  thickness  of  one  layer  of  a  panel  (for  ex¬ 
ample,  the  core  thickness  for  an  "A"  sandwich). 

As  discussed  in  Chapter  3,  however,  in  con¬ 
nection  with  wall  design  problems,  graphs  of 
T  and  k  are  not  always  (he  most  convenient 
form.  Since  for  all  practical  radome  materials 
developed  thus  far,  lj_  *■  t,|  and,  furthermore, 
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i  I  .  /  T  I  and  +,  1  /  T  1  ,  r  a  dome  de- 

*1  *2  J®1  '*2 

signers  often  desire  to  taper  wall  thickness  so 
that  +L  or  t|,  (or  at  least  'j  or  a()  remain  con¬ 
stant  over  a  desired  range  of  The  required 
data  then  take  the  form  of  plots  of  d An  versus 
r  for  fixed  values  of  T  *  or  A.  While  this  may 
be  the  most  convenient  form,  it  is  not  the 
easiest  to  obtain,  because  of  the  nature  of  the 
equations  relating  dAo  1°  "■  A  limited  amount 
of  data  obtained  by  direct  solutions  of  this  form 
have  been  obtained  for  simple  wall  struc¬ 
tures.  14,20  it  is  felt,  however,  that  the  use  of 
solutions  for  l1  and  R  as  functions  of  dAo  or  o 
followed  by  appropriated  crossplots  to  obtain 
families  of  constant  T  2,  constant  a,  or  other 
curves  relating  dAo  ^  0  ta  the  most  practical 
procedure  for  multilayer  walls. 

Other  forms  of  data  curves  considered  useful 
in  wall  design  problems  are  plots  of  panel 
electrical  thickness  and  of  tide  relative  phase 
shift,  i ,  between  T(|  and  4^. 

13-3.  Accuracy 

Most  plots  given  for  T2  can  be  read  to  within  2 
or  3  figures  In  the  third  decimal  place.  Plots 
of  A  will  usually  yield  a  value  within  2°  or  3°  of 
the  presumed  correct  one.  Whether  such  ac¬ 
curacies  are  adequate  for  a  wall  design  prob¬ 
lem  depends  on  the  nature  of  the  complete 
antenna-radome-radar  system.  H  they  are  not, 
It  Is  a  simple  matter  to  specify  additional  ac¬ 
curacy  in  the  machine  evaluation.  It  should  be 
noted  that  the  usable  computational  accuracy 
la  limited  by  the  attainable  manufacturing  tol¬ 
erances. 

In  regard  to  the  neglect  of  losses  and  the  use 
of  approximate  equations  for  low -loss  mate¬ 
rials,  the  present  trend  is  toward  the  exact 
calculation.  If  a  decision  Is  made  to  use  simp¬ 
ler,  approximate  equations  because  of  low  loss, 
the  increased  programming  time  In  determining 
which  terms  can  be  neglected  la  often  not  com¬ 
pensated  by  the  resulting  reduction  of  machine 
running  time.  This  is  a  matter,  however,  that 
must  be  decided  for  the  particular  panel  of  In¬ 
terest. 

13-4.  Graphical  Calculation 


Since  the  propagation  of  plane  waves  through 
a  series  of  dielectric-  layers  la  the  same  kind 
of  problem  as  that  of  transmission  of  TEM 
waves  along  two-conductor  lines,  techniques 
suitable  for  the  latter  case  are  applicable  to 
the  former.  In  particular,  transmission  line 
charts,  such  as  the  &nith  chart, are  con¬ 
venient  In  obtaining  rapid  graphical  solutions  In 
both  cases.  The  accuracy  of  such  calculations 


cannot  compare  with  that  of  an  analytical  eval¬ 
uation,  but  the  graphical  solution  has  the  ad¬ 
vantage  of  speed  and  a  pictorial  display  of 
effects  produced  by  parameters  of  the  various 
layers.  Detailed  procedures  for  determining  t 
and  R  using  transmission  line  charts  have  been 
described  by  Mathis2^’®*  and  Snow.2® 

13-5.  Graphs  of  Transmission  and  Reflection 
Coefficients 

Representative  curves  of  transmission,  re¬ 
flection,  and  phase  delay  for  perpendicular  and 
parallel  polarizations  incident  on  solid  homo¬ 
geneous  panels  with  dielectric  constant  tr  =  1.2  , 
2,  and  4  are  shown  In  Figures  13-1  through 
13-18.  Curves  of  power  transmission  coeffi¬ 
cients  and  relative  phase  delays  for  typical  "A" 
sandwiches  with  skin  dielectric  constant  <  8  = 
3.7  and  core  dielectric  constant  ir  =  1.4 are 
shown  in  Figures  13-10  through  13-35.  Curves 
of  insertion  phase  delay  versus  normalized 
skin  and  core  thicknesses  are  given  in  Figures 
13-34  through  13-37.  Graphs  of  and  A  for 
symmetrical  "C"  sandwiches  appear  In  Figures 
13-38  through  13-41. 


For  the  case  of  Figures  13-1  through  13-18, 
Inclusive,  the  curves  are  plotted  only  for  the 
lossless  case  and  pointB  are  used  to  show  lossy 
cases.  Lossy  Information  for  tan  5  =  0.005, 
0.010,  0.015,  and  0,020  Is  Indicated  by  the  fol¬ 
lowing  markings  for  various  angles  of  Incidence: 

o  for  0°  \  for  70° 

-  for  30°  a  for  75° 

.  for  50°  /  for  80° 

*  for  60°  a  for  85° 

When  four  markings  are  Included,  the  one 
closest  to  the  losaless  case  indicates  a  tan 
8=  0. 005  and  the  second,  third,  and  fourth  give 
data  for  tan  8  =0.010,  0.015,  and  0.020,  res¬ 
pectively.  With  two  markings,  the  Information 
is  given  for  tan  8=0. 010  and  0. 020.  One  mark 
only  indicates  tan  5  =  0.020.  This  is  Illustrated 
below. 
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A  limited  number  of  coefficients  for  circular 
and  elliptical  polarizations  have  been  computed 
(References  8,  38,  52).  If  a  rlght-clrcularly 
polarized  wave  (RCP)  is  incident  on  a  panel  for 
which  I'll  is  C.Ot  equal  iu  T^,  me  emerging  wave 
on  the  opposite  side  of  the  panel  will  contain 
both  RCP  and  left -circularly  polarized  wave 
(LCP)  components.  The  equations  applicable  to 
such  a  situation  were  given  in  Chapter  2.  Typi¬ 
cal  crossplots  showing  wall  thickness  contours 
for  constant  T2  and  constant  A  for  the  RCP  and 
LCP  components  emerging  from  homogeneous- 
wall  "A"  sandwiches,  and  "C"  sandwich  panels 
are  shown  In  Figures  13-42  through  13-47. 

13-6.  Wall  Dimension  Tolerances 

For  design  and  fabrication  purposes  it  is  im¬ 
portant  to  know  the  effects  of  small  variations 
in  thickness  and  dielectric  constants  on  radome 


Irani. mission.  Typical  tolerance  curves  for 
such  variations  are  shown  in  Figures  13-48 
through  ’3-62.  The  tolerances  shown  for  skin 
thicknesses,  dielectric  constants,  and  loss  tan¬ 
gents  are  representative  of  radomes  now  in 
use,  The  accuracy  holds  precisely  only  near 
the  optimum  thickness  for  one  angle  of  inci¬ 
dence.  hV>r  streamlined  radomes  of  constant 
thickness,  angles  of  Incidence  vary  widely,  and 
the  optimum  thickness  exists  at  any  time  over 
only  a  small  portion  of  the  Burface.  It  is  clear, 
therefore,  that  in  such  a  case  the  tolerance 
curves  must  be  used  with  reservation.  Thick¬ 
nesses  are  usually  at  their  optimum  for  angles 
of  incidence  somewhat  higher  thar  the  average 
angle  of  Incidence.  Because  of  this  and  because 
tolerances  become  more  critical  at  higher 
angles,  a  oafe  procedure  to  follow  is  to  read 
values  from  the  curves  at  an  angle  equal  to ,  or 
slightlyhlgher  than,  the  angle  at  which  optimum 
thickness  exists. 


SECTION  B.  CALCULATION  OF  THE  FAR-FIELD  RADIATION  PATTERN  FOR  AN 

ANTENNA-RADOME  SYSTEM* 


13-7.  A  Ray-Traci.ig  Method 


ai  =  Tei/s1'  (13-1) 


Let  us  now  consider  a  detailed  calculation  of 
the  far -field  pattern  of  an  antenna-radome 
combination  using  a  ray-tracing  technique.  A 
linearly  polarized  paraboloidal  antenna  and  Its 
radome  may  be  considered  to  produce  effects 
similar  to  an  antenna  array  of  "effective"  ra¬ 
diators,  each  located  at  the  center  of  the  re¬ 
spective  area  elements,  At,  of  the  dish  aperture 
(Figure  13-S3).  To  determine  the  amplitude 
and  phase  distribution  of  these  "effective"  radia¬ 
tor  elements,  rays  perpendicular  to  the  an¬ 
tenna  aperture  are  drawn  from  each  At  to  the 
radome  wall.  At  the  point  of  Intersection  of 
each  ray  with  the  radome,  the  angle  of  inci¬ 
dence  o,  and  the  polarization  angle  £  are  noted. 
The  "effective"  radiator  amplitudes  at  are  then 
computed  by  the  formula. 


*  A  number  of  practical  analyses  and  compu¬ 
tational  procedures  which  could  properly  be 
discussed  here  have  already  been  treated  in 
previous  chapters.  Sections  in  which  this  ma¬ 
terial  may  be  found  Include  Chapter  2  (Section 
G),  "Hie  Radome  Shape";  Chapters  (Section  H), 
"Hie  Focusing  Effect  of  Streamlined  Radomes"; 
Chapter  2  (Section  I),  "Diffraction  by  Radomes"; 
Chapter  3  (Section  C),  "Radome  Shaye";  Chap¬ 
ter  3  (Section  E),  "Wall  Thickness";  Chapter  4 
(Section  F),  "Prediction of  Boreslght  Errors." 


and  the  phase  delays  Aj  of  the  radiators  are 
given  by 


A 


i 


27>dt 

+ - =  cos  o 

*0 


(13-2) 


where  the  original  antenna  aperture  phase  dis¬ 
tribution  Is  assumed  to  be  uniform,  where  Sj  is 
the  antenna  aperture  power  density  appropriate 
to  the  area  At, 


(T,  sin2.;)2  +  (T„  cos2;)2 

2  2  11/2 
sin  cos*;  cos  i 


=  arc  sin 


is  ij 

T,  cos2;  sin  i 


ei 


+  2TX  T, 

(13-3) 
-  Ti  (13-4) 


ami  where  clj.  =  total  wall  thickness. 

S  =  *?’,  -  (13-5) 

and,  of  course  $n  =  T|teJ  11  and  Ti  =  eiTi 
are  the  transmission  coefficients  for  parallel 
and  perpendicular  polarizations  (defined  ac¬ 
cording  to  "normal  phase  convention").  Note: 
T||  and  Tj_  are  lead  angles  corresponding  to  the 
time  factor  eJ"1.  Equations  (13-3)  and  (13-4) 
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are  derived  In  Reference  26.  Fbr  a  linear  po¬ 
larization  Incident  on  the  radome  a  Jl,  they  give 
the  corresponding  linear  component  of  the 
emerging  ellipttcally  polarised  wave  (a  special 

_ .1  «T r«.ae>»e. 

ve*«ea<  -  w  >  vMMgr*v>  «*  / - 

We  may  now  compute  the  field  at  a  far  -field 
point  T  (p,0)  In  the  horizontal  XZ -plane  (Fig¬ 
ure  13-64).  An  array  of  equispaced  radiators 
corresponding  to  strip  4  of  Figure  13-64  Is 
shown  in  Figure  13-55.  Plane  x'Ez1  shown  in 
Figure  13-56 represents  aplane passing  through 
the  center  line  of  one  of  the  strips  rhown  In 
Figure  13-54 (such  as  strip  4) and  is  perpendic¬ 
ular  to  the  y-axls.  From  standard  antenna 
theory,  the  relative  electric  field  Intensity  at 
point  P  ( p ,  0),  due  to  all  the  equispaced  radia¬ 
tors  shown  In  Figure  13-54,  is  equal  to  the 
vector  sum  of  their  respective  field  Intensities, 
and  Is  given  by 


—  l<t>x  j<>2 

Era  (/:,0)  =  aiAie  +  &2A2e  + 


+  ftjAje  +  .  .  .  +  anAne  (13-6) 


=  * 


•  sin  p  +  Aj 


(13-7) 


X[  being  the  X1  coordinate  of  the  center  of  At- 
Application  of  Euler's  formula  to  Equation 
(13-6)  gives 


Era  U°)  =  EaiAl  coa  *1 


1-1 

n 


jEa*Ai 


sin  A 


hence 


1=1 


ira(^,o)|2- 


SI 

E  aiAi cos 


i=i 


JaiAi sin 

1=1 


(13-8) 


(13-9) 


We  may  normalize  this  expression,  with  res¬ 
pect  to  the  field  produced  by  the  antenna  alone 


along  its  axis.  by  noting  that  the  relative  tar 
field  In  that  case.j  (0.0)|  .  is  given  by 


j  m  01  j  2  Jv  A  .  .fs7 1  2 


1*1 

Id— <  ‘  *  1 

L  1=1  J 

n  ^ 

|  EraCP.  0)|2 

y  ]ajA,  cos  0, 

2 

[l=l  J 

ns-  im 


|Ea  (0,  0)|2 

’  n 

ft 

_i=i 

. 

ajAj  sin  0^ 


L‘=i 


2 


+ - 


(13-11) 


Ea  i/5T 

i=i 


2 


Equation  (13-9)  or  (13-11)  will  yield  the  XZ- 
plane  power  pattern  of  the  antenna  -  radome 
combination.  Notice  that  a  different  set  of 
and  a  i  will  be  required  for  each  orientation  of 
the  antenna  with  respect  to  the  radome.  Gen¬ 
erally  a  number  of  calculations  for  different 
scan  positions  will  be  desired. 

Similarly  by  computing  |ftra(0,o)|2  for 
various  values  of  ,  the  radiation  pattern  in  the 
XY-plane  of  the  antenna-radome  system  can  be 
obtained. 

13-8.  Other  Ray-Tracing  Techniques 

Several  commonly  used  ray-tracing  methods 
were  discussed  In  Chapters  2  and  4.  Compared 
with  other  ray-tracing  procedures  the  one  con¬ 
sidered  here  is  more  complex  than  some  and 
less  complex  than  others.  The  Implicit  as¬ 
sumption  here  is  that  energy  travels  through 
the  radome  as  if  the  antenna  produced  a  well- 
colltmated  plane-wave  beam  Inside  the  radome. 
Reflections  In  the  region  between  antenna  and 
radome  are  neglected.  More  elaborate  methods 
for  tracing  rays  from  the  antenna  to  a  plane 
outside  the  radome  (followed  by  the  usual  nu¬ 
merical  integration  to  obtain  the  far  field  pat¬ 
tern)  may  yield  more  accurate  results.  But  the 
best  of  ray-tractng  techniques  will  give  only 
crude  approximations  for  some  radome  config¬ 
urations  (those  in  the  "small  radome"  cate¬ 
gory).  On  the  other  hand,  Investigators  have 
found  simplified  calculations  using  only  two  to 
five  rays  to  be  useful*2  In  some  cases. 
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Figuto  13-43. 
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joints,  2-53 
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radome,  2-48 


Altitude  axis  correction,  aircraft,  1-444 

Avcont  II,  2-453 

Axial  load,  1-302 

Axial  support,  radome,  2-149 

A  vtall..  .i --  -i  . 

. ****  iv""wun.  necinr  .scunner,  I-Hi 

Azimuth  run,  1-207 

B 

"B”  sandwich,  1-238,  1-271 
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loss  tangent,  2-283 
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mo  nopulse  system,  1-199 
prediction,  1-17 

integral  equation  technique,  2-103 
optical  technique,  2-101 
scattering  technique,  2-102 
Boresight  ranges,  2-397,  2-406 


\ 

\ 


618 


Boresight  test  setup,  2-238 
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solid  wall,  1-302 
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polyurethane,  1-339 
rain  erosion,  1-344 
properties,  1-335 

Coaxial  line  dielectric  measurements,  2-365 
Coaxial  waveguide,  1-485 
Coherent  phase  discriminator,  1-512 
Command  guidance,  1-145 
Compressive  strength,  1-400,  2-389 
Computer  design  of  radomes,  2-90 
Conductive  heat  transfer,  2-236 
Conductivity,  thermal,  1-284,  2-380 
Cone  angles,  1-290 
effect,  1-354 
Conical  fairing,  1-61 
ogive  radome,  1-63 
Conical  radome,  1-105,  1-282 
Conical  scan  antenna,  1-503 
axis,  1-209 

Conical  scan  radar  system,  1-132 
Conical  transmission  line  antenna,  2-147 
Construction,  half  sandwich.  2-6 
sandwich  radomes,  J-37S 
sandwich  wall,  1-301 
sH id- wall  rndornOH,  1-378 
Convective  hi  -  t  Iron  Cer,  2-231 
Copper  block  •  -ctr,  2-387 
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Core,  constructl  n„  i-394 
fluted,  1-380 
foam,  1-380 

honeycomb,  1-378,  1-396 
joint  gaps,  1-299 
materials,  1-878 
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thickness,  1-259,  1-275,  1-298 
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Cork,  Armstrong  2765,  2-449 
Cornu  spiral,  1-448 
Cosecant-squared  antenna,  1-98 
Creep,  1-316 
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Cross-polarization  suppression,  2-104 
Crosstalk  error,  2-86 
Curing,  filament-wound  radomes,  2-309 
Cut-bar  thermal  conductivity  measurements, 
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Cutting  planes,  2-86 
Cylinders,  isotropic,  1-307 
Cylindrical  radome,  1-189 
Cylindrical  ring  stresses,  2-66 
Cylindrical  sandwich,  1-303 
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DC-2106  silicone  resin,  2-319 
Deflection,  1-325 
Dense  fired  ceramics,  1-419 
Density,  ceramics,  1-431 
Depolarization,  1-151 
antenna,  1-153 
target,  1-154 
DER-DEN  resins,  2-318 
Deviation,  antenna,  1-153 
Diamond  wheel  grinding,  1-404 
Dielectric  constant,  1-48,  1-68,  1-474,  1-478, 
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calculations,  2-877 
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measurements,  2-354 
Pyroeeram,  2-274 
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2- 300 
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2-301 
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2-302 
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Dielectric  dispersion  and  absorption,  2-362 
Dielectric  homogeneity,  1-495 
Dielectric  instrumentation,  microwave,  2-335 
Dielectric  loadings,  1-59 
Dielectric  loss,  1-431,  1-478, 1-495 
Dielectric  materials,  electrical  characteristics. 
1-488 

high  temperature,  2-362 
thermal  properties,  2-379 


Dielectric  measurements,  2-3G4 
coaxiul  line,  2-365 
free-space,  2-374 
interferometer,  2-374 
open-circuit  method,  1-490 
icsuiiant  cavity,  1-494,  Z-3VU 
slotted-line  method,  1-494 
waveguide,  2-367 
Dielectric  patches,  1-209 
Dielectric  properties,  porous  ceramics,  1-428 
resins,  glasses,  and  laminates,  2-321 
Dielectric  rings,  1-208,  1-214 
scattering,  1-218 
Dielectric  sheets,  2-106 
Dielectric  thickness,  2-354 
Dielectrics,  artificial,  1-19 
inhomogeneous,  1-58 
lossy,  1-619 
medium-loss,  1-490 
plane,  1-519 

Dielectrometer,  2-326,  2-352,  2-366 
microwave,  1-494 
surface-wave,  1-494 
Diffraction,  dielectric,  1-74 
edge,  1-447 

Diffusivity,  thermal,  2-382 
Dilatometer,  sapphire  rod,  2-392 
Dipole  antenna,  half-wave,  1-220 
Dipole  feed  through  radomes,  2-113 
Dispersion,  dielectric,  2-362 
Dissipation  factor,  solid  wall,  1-475 
Distortion,  antenna  pattern,  2-162,  2-155 
Double  sandwich,  1-663 
Double-wall  radomes,  1-7,  2-6 
Drag  coefficient,  2-11 
Driving  point  resistance,  2-117 
“Dropping”  calorimetry,  2-385 
Duroid  5650,  2-451 

Dynamic  modulus  measurement,  2-390 


E 

ECCO  interferometer,  2-367 
Eccosorb  anechoic  chamber,  longitudinal  baffle, 
2-397 

Edge  compression,  1-308 
Edge  diffraction,  1-447 
E-Glass,  2-298, 2-300 

Elastic  constants,  ceramic  ms-  .  •  •  1-430 
Elastic  moduli,  2-389 


620 


Electrical  design  considerations,  2-79 
flat  window,  2-431 
hypersonic,  2-430 
window,  2-416 
Electrical  factors,  2-26 
Electrical  gage.  1-473 
Electrical  grinding  control,  2-310 
Electrical  index,  2-21 

Electrical  non-uniformity,  radome  walls,  1-207 
Electrical  properties,  alumina,  2  -80 
ceramic  materials,  1-431 
joints,  1-387 

Electrical  requirements,  1-105,  2-19 
search  radomes,  1-99 
Electrical  tests,  2-C2,  2-68 
Electrical  thickness,  radome  wall,  1-468 
effect  of  moisture,  1-478 
Electromagnetic  field  theory,  1-27 
Electromagnetic  tensioner,  2-303 
Electromagnetic  windows,  2-448 
shape,  2-97,  2-99 
stresses,  2-426 

Electromechanical  gage,  1-473 
Electronic  guidance,  current  miBsiles,  1-140 
Elevation  planes,  antenna,  1-114 
Ellipsuidal  shape,  2-7 
Ellipsoidal  missile  radome,  1-170 
Elliptical  polarization,  1-50,  1-169 
transmission  coefficients,  1-51 
Emisslvity,  1-284 
Emittance,  beryllia,  2-283 
Pyroceram,  2-274 

slip-cast  sintered  fused  silica,  2-279 
Environment,  aircraft,  1-456 
rain,  2-201 
thermal,  2-416 
thermal  shock,  2-28 

Environmental  considerations,  precipitation 
static,  1-319 

Environmental  design,  1-316 
radome,  1-281 

Environmental  factors,  2-26 
Environmental  requirements,  2-22 
Environmental  testing,  1-326,  2-61 
E-plane  antenna  pattern,  2-42 
E-plane  transmission  loss,  2-39 
Epon  828  laminates,  2-318 
Epoxy  resins,  1-339, 1-372, 1-403 
VC-8359, 2-316 
Equiangular  shape,  2-7 


Erosion,  coating,  1-397 
rain,  2-203 

simulator,  Mithras,  2-208 
Error,  boresight,  1-502 
crosstalk  2-3R 
in-plane,  1-201,  1-217 
Exhausts,  rocket  motor,  2-235 
Expanded  hardboard  radomes,  1-7 
Expansion,  thermal,  2-390 
Exposure  time,  thermal  shock,  1-284 
External  pressure,  1-305 

F 

Fabric,  lay-up,  1-393 
glass,  1-403 
preparation,  1-392 
Fabrication,  alumina  radome,  2  288 
ceramic  radomes,  2-284 
composite  radome,  2-812 
j  glass-ceramic  radome,  2-289 
glass  fiber  filament,  2-302 
multilayer  alumina  sandwich  rrdome,  2-289 
plastic  radomes,  1-391 
Fabry-  Perol  interferometers,  2-375 
Face  thickness,  1  -298 
Fairing,  ogive,  1-65 
Far-field  antenna  patterns,  1-75,  1-621 
horn'antenna,  2-105 
interference,  1-102 
Far-field  zones,  1-222 
Fatigue,  1-315 

Feed-through  radomes,  dipole,  2-118 
Feeler  gauge  thickness  measurement,  2  311 
Fiber,  polystyrene,  1-7 
Fiber  reinforced  plastic  radomes,  2-296 
Fiberglass  yarn  filaments,  2-299 
Filers,  glass,  1-367,  2-296 
Field-probe  evaluation,  2-405 
Filament  winding,  2-306 
circ-gore,  2-808 
circ-longo  drop-stitch,  2-306 
helical,  2-306 

Filament-wound  radomes,  curing,  2-309 
finishing  process,  2-318 
Filaments,  fiberglass  yarn,  2-299 
F  ineness  ratio,  1-61,  2-11,  2-21 
Finishing  process,  1-396 
filament-wound  radome,  2-313 
radome,  2-290 
sintered  radome,  2-291 
Fire  control  radar  systems,  1-131,  1-178 
Fire  control  radomes,  1-14,  1-129 


421 


Firing  ceramics,  1-425 
Flat  panel  (see  "Panel"  and  ‘‘Wall’’  entries) 
Flat-plate  heating,  2-423 
Flat  sandwich,  1-38,  1-3(11 
Flat  sheet,  homogeneous,  1-27 
lossless,  1-34 

Flat  window,  electrical  design,  2-431 
Flexural  strength,  1-300,  2-389 
Flight  simulation,  alumina  radome,  2-243 
Fluorocarbon  resin,  2-319 
Flush-faired  radomos,  1-11 
Flush-mounted  radiating  systems,  2-13*7,  2-142 
Fluted  core,  1-880 
chin  radome,  1-394 
wall  construction,  1-299 
Foam,  core,  1-880 
Foam,  polyurethane,  1-380,  1-400 
Foaming,  1-424 

Foamed-in-place  core  wall  construction,  1-299 
Foamed-in-place  radomes,  1-13 
Focusing  effect,  streamlined  radomes,  1-66 
Forming,  1-426 

Forming  and  shaping  radome  blanks,  2-286 
Forsterite,  1-424 

Four-horn  phase  comparison  system,  1-606 
Free-space,  dielectric  measurements,  2-374 
vswr  evaluation,  2-405 
wavelength,  2-88 
Frequency,  1-241 
rain,  2-201 

vs.  wavelength  conversions,  2-108 
Friction  tensioner,  2-308 
Funnel  anechoic  chambers,  2-395 
Fused  silica,  2-278 
nose  cone,  2-247 
slip-casting  process,  2-291 
Fusion  cast  materials,  1-427 


G 

Gage,  electrical,  1-473 
in-process,  2-346 
inside  diameter,  2-346 
Generator,  r-f,  1*496 
Geodesic  lenses,  2-147 
Geometrical  optics,  1-189 
Glass,  1-426 
-bonded  mica,  1-427 
-ceramics,  2-260 
properties,  2-271 
radome  fabrication,  2-289 


Glass  (cont) 
cloth,  1-390 

dielect  ric  properties,  2-321 
fabric,  1  dOS 

filament  fabrication,  2-302 
sizing,  1-376 
fibers,  1-367,  2-296 
composition  and  properties,  2-299 
laminates,  2-281 
tension,  2-303 

laminate,  aluminum  phosphate-6994,  2-445 
recrystallized,  2-362 
refractory,  2-362 

reinforced  aluminum  phosphate,  2-284,  2-446 
reinforced  plastics,  longitudinal,  1-388 
low-pressure,  1-388 
mechanical  properties,  1-388 
parallel  laminated,  1-388 
reinforced  sandwich  radome,  1-408 
subsonic  rain  erosion  properties,  1-340 
Glazing,  1-425 
Glide  reentry,  2-418 
vehicles,  2-460 
Gore  filament  pattern,  2-309 
Gratings,  2-104 

Grinding,  circ-longo  process,  2-309 
electrical  control,  2-310  . 
ultrasonic  control,  2-310 
radome  blanks,  2-287 
Ground  illumination,  1-97 
Guarded  hot-plate,  2-382 
Guidance  radomes,  1-16 
Guidance  syetems,  1-140 
effect  of  radome  errors,  1-178 
radomes,  1-129 

proportional  navigation,  1-144 
remote,  1-145 
self-contained,  1-141 
Guided  missiles,  1-141 
Gunfire  control  radomes,  1-16 

H 

Haack-Von  Karman  shape,  2-8 
Half-sandwich  construction,  2-6 
Half-wave  dipole  antenna,  1-220 
Half-wave  homogeneous  flat  sheet,  1-36 
first-order,  t-36 
Half-wave  radome,  2-81 
Half-wave  wall,  1-121,  1-191,  2-117 
higher-order,  1-81 
Handling  precautions,  2-48 


622 


Hardboard,  expanded,  1-7 
Heat  (low,  planar,  2-381 
Heat  resistant  rain  eroaion  coatings,  1-344 
Heat  simulation,  aerodynamic,  2-242 
Plciit  transfer  1 

conductive,  2-236 
convective,  2-231 
radiative,  2-236 

Heating,  aerodynamic,  2-44,  2-417 
flat-plate,  2-432 
laminar,  2-420 
sonic  point,  2-421,  2-424 
turbulent,  2-421,  2-424 
rates,  2-419,  2-424,  2-426 
Helical  filament  winding,  2-306 
Helium  plasma  effects,  2-436 
Hemispherical  radome,  1-60,  1-104,  1-217,  2-260 
Hetron  92,  2-316 
Hollow  glass,  2-301 
Homing  missiles,  1-142 
Homogeneity,  dielectric,  1-496 
Homogeneous  flat  sheet,  1-27 
liulf-wave,  1-36 
thin,  1-33 

Homogenem  panels,  1-667 
Homogeneous  radomes,  transmission  coefficient, 
2-130 

Honeycombs,  2-312 
core,  1-378, 1-396 
lay-up,  1-396 
thickness,  1-406 
sandwich  radomes,  1-10 
wall  construction,  1-298 
Horns,  2-89 
antenna,  1-69,  2-104 
far-field  pattern,  2-106 
interferometer,  2-344 
Hot-air  deicing,  1-318 
Hot  flue,  2-231 
Hot-gas  wind  tunnel,  2-232 
Hot-plati,  guarded,  2-382 
Hot  salt  bath,  2-236 
H-plane,  1V229 
antenna  patterns,  1-76,  2-43 
near-field'umplitudes,  1-70 
near-field,  phase,  1-70 
transmission  loss,  2  40 
Hybrid  impregnation  resin  bath,  2-306 
Hydraulic  jacks,  1-322 
Hydrocarbon  resin,  2-316 


Hypersonic,  electrical  design,  2-430 
materials,  2-439 
radomes,  2-413 
structural  design,  2-426 

velocities,  2-417 

I 

Ice  calorimeter,  2-386 
Icing  control,  1-316 
anti-icing  fluid,  1-317 
hot-air  system,  1-318 
internal  heating,  1-318 
rubber  boot,  1-317 
Illumination,  ground,  1-97 
Impact,  1-314 
resistance,  1-296,  1-429 
testing,  1-327 

Incidence  angle,  1-66,  1-110,  1-114,  1-276,  1-619, 
2-38,  2-84,  2-92 
components,  1-1 17 
Incident  polarization,  1-163 
elliptical,  1-169 
linear,  1-168 
purallel,  1-163 

Incident  waves,  linearly  polarized,  1-174 
polarized,  1-153 

right-circularly  polarized,  1-667 
Inertia  louds,  1-282,  2-61 
Infrared  systems,  1-83, 2-237 
Inhomogeneities,  radome  surface,  1-210 
Inhomogeneous,  dielectrics,  1-68 
plasmas,  2-435 
radome  reflection,  2-132 
radomes,  2-128 

transmission  coefficient,  2-130 
Inorganic  laminates,  2-443 
Inorganic  materials,  1-366, 1-419 
Inorganic  matrix  materials,  2-296 
In-plane  error,  1-201,  1-217 
In-process  gage,  2-346 

Insertion  phase,  1-34,  1-628,  1-660,  2-88,  2-159 
contours,  single  sheet,  1-106 
delay,  1-124 

“A”  sundwich  radome,  2-108 
lossless  plane  dielectric  sheet,  1-83 
difference,  1-466,  2-84,  2-92 
constant,  2-84 
effects,  1-122 

variation  vs.  angle  of  incidence,  1-56 
vs,  incidence  angle,  1-120 
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Inserts,  1-392 

Inside  diameter  gage,  2-346 
Inspection  methods,  1-406 
Instability  buckling,  1-301 
Installation,  airborne  radar,  1-489 

IrwIrnrnpritttHnri  1-325 

Integral  equation,  1-195,  2-108 
Interceptor  radome,  1-168,  1-218 
Interface  reflection  coefficients,  1-27,  1-56,  2-169 
phase  angle,  2-171 
Interference,  1-101 
effects,  1-445 
Interferometer,  2-387 
dielectric  constant,  1-105 
dielectric  measurements  2-‘!74 
ECCO,  2-357 
horn,  2-344 
magic  T,  1-467 
Michelson,  2-375 
micrometer,  1-466 
reflection,  2-310 
two-horn,  1-466 
tables,  2-339 
Fabry-Perol,  2-375 
Interlaminar  shear  values,  2-297 
Internal  heating,  1-318 
Internal  pressure,  1.-288 
Isotropic  capacitor,  1-58 
cylinders,  1-307 
plasma,  simulated,  2-487 
sandwich,  1-306 


J 

JC-1571  hydrocarbon  resin,  2-315 
Jet  engine  exhaust,  2-282 
Jets,  plasma,  2-285 
Joint  gaps,  core,  1-299 
Joint  loading,  2-62 
Joints,  attachment,  2-53 
electrical  properties,  1-387 

K 

K-band  radcmes,  1-9 
KEL-F81  fluorocarbon  resin,  2-319 
Knitted-sock  laminated  radomes,  1-10 
Knoop  hardness,  ceramic  materials,  1-431 

L 

Laminae  4110,  2-316 
Laminated  radomes,  1-10 
knitted-sock,  1-10 


Laminated  wull  construction,  2-6 
Laminates,  1-367 
dielectric  properties,  2-321 
Epon  828,  2-318 
glass  fiber,  2-281 

•*  -  O  «  in 
AUKJk  guilil, 

organic  resin-fiberglass,  2-441 
polyamide  resin-fiberglass,  2-444 
slotted,  1-388 
resins,  1-13 

void  elimination,  1-393 
wells,  1-478 
Lathe  grinding,  1-402 
Lathe  turning,  1-400 
Lens,  1-206 
antennas,  2-147 
feeding,  1-80 
geodesic,  2-147 
Luneberg,  1-78 
manufacture,  1-79 
radome  transmission  loss,  1-80 
Lightning,  1-319 
Line-of-sight  stabilization,  1-440 
Linear  polarization,  1-51, 1-168 
Lithium  aluminum  silicates,  1-424 
Lloyd’s  mirror  effect,  1-76 
Load  application,  1-322 
Load,  axial,  1-302 
Loaded  core  sandwiches,  1-18 
Loads,  1-297 
ambient,  1-283 
aerodynamic,  1-281 
dielectric,  1-59 
inertia,  1-282 
joint,  2-52 
operational,  2-51 
pickup  probe,  1-495 
Lobe  comparison,  sequential,  1-147 
Lobing,  sequential,  1-133 
Leg  spiral,  1-64 
Logarithmic  shape,  2-7 

Longitudinal-baffle  Eccosorb  anechoic  chamber, 
2-397 

Longitudinal  heat-flow  measurements,  2-381 
Longitudinal  plastics,  glass,  reinforced,  1-388 
Longo  fibers,  2-307 
Look  angle,  2-86 
Loss,  correction,  1-490 
dielectric,  1-431, 1-478, 1-495 
reflection,  2-38 
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Loss  tangent.  alumina  sandwich  skin  and  core, 
2-270 

beryllia,  2-283 
calculations,  2-378 
measurements,  2-357 
properties,  ablation  materials,  2-454 
Pyroceram,  2-274 

slip-cast  sintered  fused  silica,  2-278 
vs.  temperature,  2-363 
alumina,  2-267 

Lossless  dielectric,  Snell's  law,  2-1 73 
Lossless  homogeneous  plane  sheets,  1-49 
Lossless  plane  dielectric  sheet,  1-82 
Lossless  plane  sheet,  1-85 
Lossless  thin  flat  sheets,  1-34 
Lossy  dielectrics,  1-619 
Low  density  materials,  1-381 
Low-frequency  resonant  cavities,  2-373 
Lumped  Helds,  1-196 
Luneberg  lens,  1-78 

M 

Mach  number  factors,  2-11 
Machining,  alumina,  1-422 
Magic  T,  interferometer,  1-467 
Magnesia,  1-428,  2-442 
Magnetic  materials,  1-54 
measurements,  1-492 
Magnetic  tensioner,  2-303 
Magnetron,  frequency  pulling,  1-100 
performance,  1-100 
Marco  vacuum  injection,  1-399 
Matched-die  mold,  1-401 
Matched-tool  molding,  1-396 
Materials,  2-32 
ablative,  2-446,  2-448 
alumina  sandwich,  2-268 
anisotropic,  1-55 
ceramic,  1-419,  2-29 
construction,  2-257 
core,  1-378 
dielectric,  1-483 
full  density,  1-383 
fusion  cast,  1-427 
hypersonic,  2-439 
inorganic,  1-366 
low  density,  1-381 
magnetic,  1-492 
organic,  1-365 
plastic,  1-335 
rain-resistant,  2-203 
testing,  high  temperatures,  2-361 


Matrix  formulation,  1-40 
Matrix  materials,  inorganic,  2-296 
Measurements,  dielectric,  2-364 
1-230,  1-507 

no-dome,  1-224 
radar  cross  section,  1-154 
radome  wall,  1-463 
specific  heat,  2-384 
tensile  strength,  2-69 
transmissi:  n  impedance,  1-486 
Mechanic'll,  attachment,  2-51,  2-5*  2-58 
-chemical  attachments,  2-59 
factors,  2-27 
micrometer,  1-472 

properties,  glass  reinforced  plastic,  1-388 
properties,  testing,  2-64 
physical  properties,  2-385 
strength,  2-71 

Mechanism,  rain  erosion,  1-345 
Medium-loss  dielectrics,  1-490 
Melamine  resins,  1-368 
Metal  ribs,  2-151 

Metal-loaded  radomes,  2-104,  2-125 
per"' :.i'  tied,  2-10G 
Metal  sheets,  1-59 
Metal  slats,  1-69 
Mica,  glass-bonded,  1-427 
Miehelson  interferometers,  2-375 
Micrometer,  1-472 

Microwave,  anechoic  chambers,  2-391 
dielectric  instrumentation,  2-335 
dielectrometer,  1-494 
interferometer,  1-466 
radar,  1-5 

reflectometer,  2-353 
thickness  gage,  1-406,  2-351 
nonmetals,  2-352 

Millimeter-wavelength  radomes,  1-80,  2-135 
phase  data,  2-137 
wall  construction,  1-84 
Missiles,  beamrider,  1-145,  1-146 
guidance  radomes,  1-16 
homing,  1-142 
radome,  1-401 
ellipsoidal,  1-170 
fabric  lay-up,  1-401 
supersonic,  2-452 
Mithras  erosion  simulator,  2-208 
Modulated  scatterer,  1-514 
Modulus  of  elasticity,  1-390,  2-389 
alumina,  2-266 
“A"  sandwich,  2-271 
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Modulus  of  elasticity  (cont) 
beryllia,  2-281 
Pyroceram,  2-272 

Modulus  of  rupture,  beryllia,  2-280 
Pvrfy*arBwt  2-272 
Moisture,  1-320 
effects,  1-478 
Mold,  matched-die,  1-401 
Molten  metal  bath,  2-2S6 
Molding,  matched  tool,  1-396 
Monopulse  system,  1-605,  2-1S8 
amplitude  comparison,  1-203 
boresight  errors,  1-199 
errors,  1-136 

radiation  pattern  difference,  1-135 
sum  radiation  pattern,  1-134 
time  sequential  systems,  1-186 
Mosaic  alumina  construction,  2-269 
Movable  piston  phase  shifters,  1-509 
Multilayer  sandwiches,  1-289,  2-121 
"A”  sandwich  radome,  1-8 
alumina  radome,  fabrication,  2-289 
construction,  2-6 
panels,  1-88 
wall  radome,  1-273 
Multiple  thickness  gage,  1-406 

N 

Nacelle,  clearance,  1-454 
lining  absorbers,  1-10 
placement,  1-446 
Navigation,  proportional,  1-144 
Near-field,  amplitude,  1-68 
measurements,  1-607 
distribution,  1-230 
H-plane  amplitude,  1-70 
H-plane  phase,  1-70 
measurements,  1-221 
phase  measurements,  1-607 
reflection,  1-102 

Neoprene  protective  coating,  1-12 
91-LD  Phenolic  resin,  2-319 
No-dome  measurements,  1-224 
Nondlmensional  time,  1-310 
Nonoxido  ceramics,  2-362 
Nose  blunting,  ogival  shape,  2-11 
Nose  cone,  fused  silica,  2-247 
slotted  arrays,  2-144 
Nose  laminar  heating,  2-420 
Nose  mounted  ogival  shaped  radomes,  2-433 
Nose  radomes,  1-14,  1-238 


Nuclear  radiation,  1-321 

Null  shift  measurements,  2-362 

Nypol  46-4001  and  46-4020  acrylic  resins,  2-319 

G 

Oblique  planes,  antenna,  1-114  -• 

Obstacles,  antenna,  2-154 
Offset  angle,  2-39 
Offset  run,  1-207 
Ogive,  1-162 
fairing,  1-65 
plastic,  1-358 
radome,  1-172,  2-433 
conical  fairing,  1-63 
shape,  2-8 

noBe  blunting,  2-11 
181  glass  cloth,  1-390 
One-half  wave  wall,  2-117 
One-half  wavelength,  multiple,  2-4 
radome,  2-31 
thickness,  2-31 
Open-circuit  method,  1-490 
Operational  loads,  2-51 
Optics,  1-447 

boresight  error  prediction,  2-101 
geometrical,  1-189 
theory,  1-27 

Orbital  decay  reentry,  2-418,  2-426 
Organic  materials,  1-365 
properties,  1-381 
resin-fiberglass  laminates,  2-441 
Oxide  ceramics,  2-262,  2-361 
Oxyacetylene  burners,  2-252 
Oxyacetylene  test  facility,  2-246 
Oxyhydrogen  burners,  2-233 
Oxy hydrogen  rocket  motor,  2-243 
Oxypropane  burners,  2-232 

P 

Panels,  flat  (see  also  “Walls”  entries),  2-91 
homogeneous,  1-667 
multilayer,  1-38 
Parabolic  shape,  2-8,  2-10 
antenna,  1-576 
Parachute,  1-363 

Parallel  laminated  glass  reinforced  plastics, 

1- 388 

Parallel  polarization,  .1-82,  1-153,  1-527,  1-573, 

2- 34 

antenna,  1-163 
Parallel-ray  theory,  1-75 
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Paraliel-ray  transmission,  1-75 
Parameters,  antenna  pattern,  2-41 
Paraplex  P-43,  2-316 
Pass  bands,  2-118 
Patches,  dielectric,  1-209 
Pattern,  antenna,  1-97,  2-114,  2-397,  2-406 
gore  filament,  2-309 
distortion,  1-101,  2-39 
plasma  untenna,  2-436 
radar,  1-445,  1-455 
radome,  1-499 
scattering,  2-158 

Perforated  metal-loaded  radome,  2-106 
Permittivity,  complex,  1-488 
Perpendicular  polarization,  1-28,  1-241,  1-526, 
1-573,  2-35,  2-84 
Phantom  feed,  1-150 
Phase-amplitude  system,  1-186 
Phase  comparison,  1-186 
monopulse  system,  1-200 
four-horn  system,  1-506 
Phase  data,  2-81,  2-137 
Phase  delay,  1-11 
Phase  shift,  1-478,  1-509 
reflection,  1-630 
Phase  variation,  2-89 
Phenolic-nylon,  Tayloron,  2-449 
Phenolic  resin,  1-367,  2-319 
plyophens  23-017,  2-319 
Phenylsilune  resins,  2-820 
Physical  design  considerations,  2-1 
Physical  properties,  ceramic  materials,  1-427 
Pickup  probe,  1-509 
loading,  1-496 
Pitch  stabilization,  1-441 
Placement,  radome,  1-446 
Planar  heat  flow,  2-381 
Plane  dielectric  sheet,  1-82,  1-526 
Plane  dielectric,  1-519 
Plane  sheet  refraction,  1-66 
Plane-wave,  reflection,  1-28 
refraction,  1-31 
transmission,  1-28 

Plasma,  antenna  pattern  distortion,  2-436 
effects,  2-483 
helium,  2-436 
inhomogeneous,  2-485 
jets,  2-235 
resonance,  2-438 
Plastic-alumina  radomes,  2-269 
Plastics,  classification,  1-366 
fiber  reinforced,  2-295 


Plastics  (cont) 
glass  reinforced,  1-388 
low-pressure,  1-388 
reinforcements,  1-374 
materials,  1-335 

rain  erosion  properties,  1-335 
ogive,  1-358 
radiation  effects,  2-249 
radomes,  fabrication  methods,  1-391 
reinforced,  1-366 
Platform  stabilization,  1-440 
Plyophens  23-017  phenolic  resin,  2-319 
Plywood  radomes,  1-5 
Pointing  errors,  1-147,  1-150 
Poisson’s  ratio,  Pyroceram,  2-273 
slip-cast  sintered  fused  silica,  2-277 
Polarization,  1-50 
efficiency,  1-177 
elliptical,  1-50 
linear,  1-51,  1-168 
gratings,  2-104 
incident,  1-153 

parallel,  1-32,  1-153,  1-527,  1-573,  2-34 
phenomena,  1-152 
relative,  1-117 

Polarized  incident  wave,  1-153 
Polyamide  resin,  BC1  No.  6601-F,  2-319 
fiberglass  laminate,  2-444 
Polyester,  AIM075-HT,  2-316 
resins,  1-370,  2-816 
Selectron,  2-261 
Vibrin,  2-251 
Polyflber  radomes,  1-365 
Polylite  ED-386,  2-316 
Polystyrene  fiber,  1-7 
K-band  radomes,  1-9 
Polyurethane,  1-339 
foams,  1-380, 1-400 
Porous  alumina,  2-268 
Porous  ceramics,  1-424 
dielectric  properties,  1-426 
Post-curing,  1-395 
Power  reflection,  1-271 
coefficient,  2-354 
Power  shape,  2-8,  2-10 
Power  transmission,  “A”  sandwich  radome, 
2-108 

coefficient,  1-526,  1-532,  2-34,  2-122,  2-357 
solid-wall  radome,  2-119 
lossless  homogeneous  plane  sheets,  1-49 
lossless  plane  dielectric  sheet,  1-82 
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Power  transmission  (cont) 
constant,  1-124, 1-554 
contours,  2-172 
minimum,  2-120 
coefficient,  2-119 

J - -  n  i  r»/\ 

iiwiiu  mtii  i  cHlunic,  M-Jtf<l f 

vs.  core  thickness,  1-544 
Precipitation  static,  1-319 
Prefabricated  foam  wall  construction,  1-299 
Preform  molding,  1-399 
Pre-impregnation  resin  bath,  2-305 
Preserved  incident  component,  1-667 
Pressure,  1-326 
-east  aluminum  die,  1-404 
injection,  1-400 
load,  2-51 
slip-casting,  2-287 
Pressurizution,  1-439 
Production,  beryllia  radomes,  2-292 
Protective  cover,  2-18 

Pyroceram,  2-34,  2-46,  2-50,  2-260,  2-362,  2-441 
dielectric  constants,  2-274 
emittance,  2-274 
loss  tangent,  2-274 
modulus  of  elasticity,  2-272 
Poisson’s  ratio,  2-273 
sensitivity  measurement,  2-356 
specific  heat,  2-274 
thermal  conductivity,  2-273 
thermal  expansion,  2-278 

Q 

Quadripod  space  frame,  2-150 
Quality  control,  2-346 

R 

Radar,  airborne,  1-439 
antenna  configuration,  1-166 
conical  scan,  1-132 
fire  control,  1-181,  1-178 
cross  section  measurement,  1-154 
cross  section  vs.  target  scattering,  1-156 
microwave,  1-6 

pattern  distortion,  1-445,  1-455 
range  reduction,  1-99 
VHF,  1-3 

Radial  plane  definition,  2-99 
Radiated  field,  1-221 

Radiating  system,  antenna-radorr.o,  1-576 
flush-mounted,  2-137,  2-142 


Radiation  effects,  2-248 
ceramics,  2-250 
plastics,  2-249 
Selectron  polyesters,  2-251 
Vibrin  polyesters,  2-251 
Radiation,  nuclear,  l-ciZl 
Radiation  pattern,  far-fielu,  1-521 
Radiation  pattern  difference,  monoj/ulse 
antenna, 1-135 

Radiative  heat  transfer,  2-236 
Radome,  airborne,  2-86 
antenna  systems,  1-188 
anti-icing,  1-15 
applications,  1-6 
blanks,  alumina,  2-284 
forming  and  shaping,  2-286 
grinding,  2-287 
blister,  1-9 

bonding  adhesives,  1-376 
boresight  errors,  monopulse  Bystem,  1-199 
prediction,  1-17 
broadband,  2-120,  2-125 
ceramic,  1-18,  2-259 
chemieul  attachment,  2-51,  2-54,  2-56 
compos/1  -  2-312 
conical,  ■  Jf>,  1-282 
construction,  1-365,  1-419 
cylindrical,  1-189 
de-icing,  1-18 
depolarization  t  467 
diffraction,  1-  > 
dipole  feed-through,  2-113 
double-wall,  1-7,  2-6 
electrical  design  problem,  1-6 
errors,  1-148,  1-602 
correction,  1-205 
correction,  vector  method,  1-214 
measurement,  1-207 
monopulse,  1-136,  1-199 
prediction,  1-187 
fabrication,  1-391 
finishes,  1-408 
geometry,  1-111 
guidance,  1-16 

high-temperature,  2-327,  2-358 
homogeneous,  2-130 
inhomogeneous,  2-130 
loft  lines,  1-115 
materials,  1-297,  2-24 
anisotropic,  1-65 
inorganic,  1-419 
magnetic,  1-64 
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Undo int  (cont) 
materials  (cont) 
oi’iranir  l.asi 
metal-loaded,  2-104,  2-125 
millimeter-wavelength,  1-80,  2-136 

missile,  i-401 

ogival  shaped,  1-172,  2-433 
one-half  wavelength,  2-31 
pattern  distorted,  1-499 
placement,  1-445 
plastic,  1-391 
plastic-alumina,  2-269 
plywood,  1-5 
poly  fiber,  1-366 
resonant-wall,  2-110 
sandwich,  1-9, 1-396 
design  curves,  2-173 
search,  1-97,  1-99 
semistreamlined,  1-9 
shape,  1-60,  1-104,  1-297,  2-91,  2-97 
weight  factor,  1-106 
size,  1-441. 

limitations,  2-48 
skin  temperature,  1-292 
slotted  metal,  2-111 
solid-wall,  2-117 
spheroidal,  1-61,  1-63 
strength  factors,  1-297 
supersonic,  1-16 
surface  inhomogeneities,  1-210 
transmission  efficiency,  1-496 
reflection,  1-498 
scattering  technique,  1-194 
structural  support,  2-149 
structural  design,  1-281 
subsonic,  1-282 
testing,  2-60  .  . 

thick-shell,  2-67 
thin-shell,  2-31 
toroidal,  2-260 
tunable,  2-131,  2-133,  2-135 
types,  2-3 

wall,  measurements,  1-463 
wall  thickness,  electrical,  1-468 
wedge,  2-104 
wire  grid  loaded,  2-106 
Rain,  classifications,  2-202 
environment,  2-201 
erosion,  i-11,  2-203 
coatings,  1-336, 1-344 
mechanism,  1-346 
plastic  materials,  1-335 


Rain  (cont) 
erosion  (cont) 
rain  gun,  2-207 
rocket  sled,  2-210 
simulation,  2-206 
subsonic,  1-331 
supersonic,  1-17,  1-331,  1-360 
test,  1-332 

test  results,  2-228,  2-230 
time  vs.  missile  velocity,  2-231 
frequency,  2-201 
gun,  2-207 

intensity,  1-355,  2-201 
particle  size  distribution,  2-206 
rate  vs.  altitude,  2-204 
resistant  materials,  2-203 
Rainfall,  accumulation,  2-202 
intensity,  1-356 
rate,  2-202 

Range,  ballistic,  2-209 
boresight,  2-397,  2-406 
Ray  tracing,  1-189 
techniques,  1-521 
boresight  error  prediction,  2-101 
Recrystallized  glass,  2-862 
Rectangular  waveguide,  1-485 
Reentry,  ballistic,  2-418 
glide,  2-418 
vehicles,  2-450 
orbital  decay,  2-418,  2-426 
Reflection,  1-447,  2-132 
coefficient,  1-520 
complex,  1-470 
interferometer,  2-310 
loss,  2-38 

measurement,  slotted  line  method,  1-499 

near-field,  1-102 

phase  shift,  1-530 

plane-wave,  128 

radome,  1-498 

test,  2-350 

Reflectumeter,  1-500,  2-337 
high-temperature,  2-359 
microwave,  2-353 
Refraction,  1-148 
magnitude,  1-148 
plane  sheet,  1-66 
plane-wave,  1-31 
theory,  1-76 

Refractive  shift,  1-64, 1-67 
Refractoriness,  1  -431 


629 


Refractory  glass,  2-362 
Reinforced  plastic  radomes,  1-366,  2-295 
Reinforcements,  plasties,  1-374 
Resin  bath,  2-304 

hvbrid  impregnation,  2-SflR 
pre-impregnation,  2-305 
wet-dip,  2-304 

Resin-fiberglass  laminate,  polyamide,  2-444 
organic,  2-441 
Resins,  DER-DEN,  2-318 
dielectric  properties,  2-321 
epoxy,  1-339,  1-372,  1-403 
laminating,  1-13 
melamine,  1-368 
phenolic,  2-319 
phenylsilane,  2-820 
polyester,  2-316 
preparation,  1-392 
properties,  2-315 
silicone,  2-319 

systems,  interlaminar  shear  values,  2-297 
Resistance,  driving-point,  2-117 
impact,  1-296,  1-429 
thermal  shock,  2-23 
Resonance,  1-487 
* lasma,  2-438 

Rt ...  nant  cavities,  low  frequency,  2-373 
dielectric  measurements,  1-494,  2-370 
Resonant- wall  radomes,  2-110 
R-F  generator,  1-495 
Ribs,  metal,  2-151 
Ring,  geometry,  1-219 
dielectric,  1-208, 1-214 
Rocket  motor  exhausts,  2-235 
Rocket  sled,  1  '355 
rain  erosion  simulator,  2-2!> !. 
test  facilities,  2-211 
test  results,  2-213 
track,  SNORT,  2-211 
Roll  run,  1-207 
fixed  polarization,  1-209 
Roll  stabilization,  1-441 
R-7145  silicone  resin,  2-320 
Rubber  boot,  1-317 

5 

Sandwich,  “A”,  1-238,  1-271,  1-544,  1-569,  2-92, 
2-94 

construction,  2  5 
alumina  materials,  2-268 


Sandwich  (cont) 

“B",  1-238,  1-271 
construction,  2-5 
radomes,  1-11,  1-47 

!</■’»»  1  imo  i  rem 

V_.  ,  1-OU, 

radomes,  1-47 
cylindrical,  1-303 
design,  2-89 
design  curves,  2-173 
double,  1-563 
flat,  1-38, 1-301 
honeycomb,  1-10 

isotropic,  1-306  "* 

loaded  core,  1  18 
multilayer,  1-239,  2-121 
radome,  1-9, 1-396 
alumina,  2-289 
construction,  1-378 
glass  reinforced,  1-408 
multilayer,  1-8 
single,  2-129 
symmetrical,  1-41 
thick-skin,  2-129 
wall,  1-123,  1-301 
buckling,  1-301 
lightweight  cores,  1-464 
Sapphire  rod  dilatometer,  2-392 
Scattering,  1-218 
patterns,  2-158 

radome  error  prediction,  1-194,  2-102 
target,  1-156 
Screening  tests,  2-240 
Search  radomes,  1-97 
electrical  requirements,  1-99 
Sector  scanner,  1-441 
Selectron  5016,  2-316 
Selectron  polyesters,  2-251 
Sensitivity  measurement,  Pyroceram,  2-355 
Sequential  lobing,  1-133 
comparison,  1-147 
Shaped-beam  antenna,  1-450,  2-155 
Shapes,  anechoic  chamber,  2-393 
Shapes,  electromagnetic  window,  2-97 
Shapes,  radome,  1-60,  1-104,  1-297,  2-91,  2-97, 
2-99 

ellipsoidal,  2-7 
ogival,  2-8 
parabolic,  2-8,  2-10 
><ower,  2-8 
requirements,  1  -1)4 
strength  factor,  2-70 
typical,  2-98 
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Shear  loads,  1-303 
Shear  strength,  core,  1-298 
Shear  stress  coefficients,  1-303 
Sheets,  dielectric,  1-59 
Sheffield  thickness  gage,  2-346 
Shift,  refractive^  1-54 
Shock  front,  1-465 
Shock  testing,  1-327 
Shock  wave,  eifect,  1-348 
refraction,  1-458 
Silica,  fused,  2-273 
vitreous,  2-273 

Silicate,  barium  aluminum,  2-443 
lithium  aluminum,  1-424 
Silicone  resin,  DC-2106, 1-390,  2-319 
R-7145,  2-320 
Silicones,  1-369 

Simulated  isotropic  plasma,  2-487 
Simulation,  rain  erosion,  2-206 
Simultaneous  lobe  comparison,  1-133 
errors,  1-187,  1-147 
Single-horn  interferometer,  1-466 
Single-horn  reflectometer,  1-470 
Single-layer  walls,  1-464 
Single  sandwich  radome,  1-269 
Single  sheet,  1-106 
Sintered  fused  silica,  2-260,  2-276 
finishing  process,  2-291 
radome  fabrication,  2-290 
surface  treatments,  2-291 
Sintering,  2-287 

Sintering  process,  fused  silica,  2-291 
Size,  radome,  1-441,  2-48,  2-91 
alumina,  2-288 
Sizing,  glass  fabric,  1-376 
Skin  layers,  curing,  1-394 
Skin  temperature,  alumina  radome,  2-246,  2-260 
transient,  1-287 
Skin  thickness,  1-269 
Skin  tolerance,  1-673 
Sled,  rocket,  1-356 
Slip-east,  forming,  2-286 
fused  silica,  2-441 
sintered  fused  silica,  2-276,  2-278 
emittance,  2-279 
Poisson’s  ratio,  2-277 
specific  heat,  2-278 
strength,  2-277 
thermal  conductivity,  2-277 
thermal  expansion,  2-378 


Slip  casting,  1-420 

fused  silica  process,  2-291 
pressure,  2-287 
Slip  control,  1-420 
Slotted  arrays,  nose  cone,  2-144 

Slutted  la  ini  limes,  1-338 

Slotted  line,  1-494 
phase  shifters,  1-509 
rudome  reflection  measurement,  1-499 
Slotted  metal  radomes,  2-111 
transmission  coefficient,  2-111 
transmission  loss,  2-112 
Slotted  waveguide,  2-138 
arrays,  TE  mode,  2-138 
arrays,  TM  mode,  2-138 
Snell’s  law,  lossless  dielectric,  2-173 
S-994  glass,  2-302 
SNORT  rocket  sled  track,  2-211 
Sock  process,  circ-longo,  2-309 
Solid  sheet,  1-464 
dielectric,  1-120 
Solid  wall,  1-301 
buckling,  1-302 
construction,  2-4 
dissipation  factor,  1-475 
radome,  1-238,  1-241,  2-117 
bandwidth,  2-117 
construction,  l-l .  8 
design  curves,  2-172 
one-half  wave,  2-117 
transmission  coefficient,  2-118 
transmission  curves,  2-128 
Sonic  point  heating,  2-421,  2-424 
Space  frames,  2-149 
quadripod,  2-150 
Specific  heat,  air,  1-288 
alumina,  2-266 
measurements,  2-384 
Pyroceram,  2-274 

slip-cast  sintered  fused  silica,  2-278 
vs,  temperature,  beryllia,  2-282 
Spherical  mode  transformation,  1-197 
Spheroid,  1-61 

Spheroidal  lens-radome,  1-79 
Spheroidal  radomes,  1-63 
Spinel,  magnesia-alumina,  1-424 
Stabilization,  1-439 
antenna,  1-443 

Stagnation  point,  electrical  effects,  2-20 
hearing,  2-420 

Stagnation  temperature,  1-285,  2-15,  2-17,  2-46 
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Static  testing,  1-321 
elevated  temperatures,  1-323 
instrumentation,  pressure,  1-325 
Steatite,  1-420 
bisque  bring,  i-422 
final  firing,  1-422 
radome  batch  preparation,  1-420 
radome  casting,  1-421 
Stop  bands,  2-118 
Streamlined  lens-radomee,  1-77 
Streamlined  radomes,  1-66 
focusing  effect,  1-66 
Strength,  radome,  1-297,  2-70 
shape,  2-70 

slip-cast  sintered  fused  silica,  2-277 
tensile,  2-385 

thermal  environment,  2-70 
vs.  temperature,  alumina,  2-264 
Stress,  cylindrical  ring,  2-66 
electromagnetic  window,  2-426 
methods,  1-300 
rupture,  1-316 
thermal,  2-44 
shock,  1-309 

thick-shell  rudomes,  2-67 
thin-shell  radome,  2-67 
variation,  2-68 

Structural  design,  hypersonic,  2-426 
radome,  1-281 
window,  2-416 
Structural  factors,  2-47 
Structural  requirements,  2-22 
Structural  support,  2-149 
Structural  testing,  high-temperature,  2-239 
Stypols,  2-316 
Subsonic  radome,  1-282 
Subsonic  rain  erosion,  1-334 
ceramics,  1-340 
glass,  1-340 

Supersonic  aircraft,  2-452 
Supersonic  missiles,  2-452 
Supersonic  radomes,  1-16 
Supersonic  rain  erosion,  1-17,  1-360 
parachute  testing,  1-863 
test  methods,  1-361 
Supersonic  wind  tunnel,  2-232 
Support,  axial,  2-149 
Support,  effect  on  rain  erosion,  1-338 
Surface-reflection  interference,  1-449 
Surface  temperature,  2-14,  2-29,  2-419,  2-424, 
2-426 

ballistic  reentry,  2-425 


Surface  treatment,  2-125 
Surface  wave  die’ectrometer,  1-494 
Symmetrical  sandwiches,  1-41 

T 

Taper,  1-206 

Target  depolarization,  1-154 
Target  scattering,  1-156 
Tayloron  phenolic-nylon,  2-449 
TE  mode  slotted  waveguide  arrays,  2-138 
Teflon,  2-319 
Teflon  TFE,  2-450 
Temperature,  1-325 
boundary  layer,  1-291 
distribution,  1-284 
effects,  1-337, 1-432 
equilibrium,  1-287 
high,  dielectric  materials,  2-362 
radomes,  1-378,  1-477 
reflectometer,  2-859 
structural  tost  setup,  2-239 
structural  testing,  2-239 
test  facility,  2-237 
testing,  2-358 
transmission  gage,  2-358 
recovery  factor,  1-290 
skin,  2-287,  2-292 

surface,  2-14,  2-29,  2-419,  2-424,  2-426 
Tensile  strength,  2-385 
measurement,  2-69 

Tensile  thermal  stress,  2-17,  2-30,  2-47 
Tension,  glass  fiber,  2-303 
Tensioner,  electromagnetic,  2-803 
friction,  2-303 
magnetic,  2-303 
Terminal  guidance,  1-143 
Tests,  2-60 
electrical,  2-32,  2-63 
elevated  temperatures,  1-327 
environmental,  1-326 
low  temperature,  1-327 
rain  erosion,  1-332 
results,  2-213,  2-228,  2-230 
reflection,  2-350 
rocket  sled,  2-21 1 
screening,  2-240 
supersonic  rain  erosion,  1-351 
thermal,  2-62 

thermal  Bhock,  1-326,  2-229 
through-transmission,  2-350 
Thermal  buckling,  1-295 
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Thermal  conductivity,  1-284,  1-429,  2-380 
air,  1-289 
aiumina,  2-267 
beryllia,  2-282 
cut-bur,  2-Ssi 
I’yroceram,  2-273 

slip-cast  sintered  fused  silica,  2-277 
Thermal  difTusivity,  2-382 
Thermal  environment,  2-70,  2-416 
Thermal  expansion,  2-390 
alumina,  2-266 
beryllia,  2-281 
ceramic  materials,  1-430  ^ 

Pyroceram,  2-273 

slip-east  sintered  fused  siliea,  2-278 
l'hermal  factors,  2-26 
Thermal  properties,  2-62 
dielectric  materials,  2-379 
Thermal  shock,  1-284,  2-429 
environment,  2-28 
resistance,  2-28 
stress,  1-309 
tests,  1-326,  2-229,  2-240 
oxyueetylene  burners,  2-262 
oxyhydrogcri  burners,  2-233 
oxypropane  burners,  2-282 
Thermal  stress,  1-295,  1-313,  2-16,  2-44 
tensile,  2-17,  2-30,  2-47 
Thermally  reflective  rain  erosion  coatings, 
1-344 

Thermocouple,  1-326 
Thermolug  600,  2-462 
Theta  patterns,  2-146 
Thick-shell  radomes,  stresses,  2-67 
Thick-skin  single  sandwich,  2-129 
Thickness,  2-38 
core,  1-276,  1-298 
dielectric,  2-364 
electrical,  1-478 
face,  1-298 
gage,  1-406 

microwave,  1-406,  2-351 
null  shift  measurements,  2-352 
ultrasonic,  2-348 
honeycomb  core,  1-378,  1-396 
measurement,  2-311 
one-half  wavelength  radome,  2-31 
sandwich  wall,  1-123 
solid-wall,  1-238 
thin-wall  radome,  2-31 
tolerance,  1-48, 1-621 


Thin  flat  sheets,  1-66  * 

Thin  homogeneous  flat  sheet,  1-33 
Th  in-shell  radomes,  stresses,  2-67 
Thin  wall,  2  117 

construction,  2-4,  2-30 
radome,  2-31 

Three-layer  "A”  sandwich  radome,  1-3 

Three-layer  sandwiches,  2-120 

Through-transmission  test,  2-360 

Tiles,  alumina,  2-271 

Time  sequential  antenna  systems,  1-136 

Time  sequential  lobe  comparison  systems,  1-132 

Tip  rudii,  2-29,  2-48 

TM  mode  slotted  waveguide  arrays,  2-138 
Tolerances,  1-404 
core,  1-673 
thickness,  1-48 
Tooling,  1-401 
Toroidal  radomes,  2-260 
Transfer  molding,  1-400 
Transformation  spherical  mode,  1-197 
Transmission,  1-113, 1-273 
characteristics,  2-90 
coefficients,  1-37,  1-520 
axial  ratios,  1-61 
elliptical  polarization,  1-61 
homogeneous  radomes,  2-130 
inhomogeneous  radomes,  2-130 
lossless  plane  sheet,  1-85 
slotted  metal  radomes,  2-111 
solid  dielectric  sheet,  1-119 
solid-wall  radome,  2-118 
variation,  1-149 
constant,  2-84 
contours,  1-10G 

"A”  sandwich,  1-48,  2-128 
solid-wall  radome,  2-128 
efficiency,  1-241 
radome,  1-496 

tunable  radome,  2-133,  2-136 
gage,  high-temperature,  2-368 
impedance  measurement,  1-486 
resonance  method,  1-487 
loss,  2-33 
E-plune,  2-39 
H  piano,  2-40 
lens-radome,  1-80 
slotted  metal  radome,  2-112 
millimeter-wavelength  radome,  2-136 
parallel-ray,  1-76 
plane-wave,  1-28 
thin  wall  radome,  2-80 
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Trapped  waves,  1-77, 1-151 
Tunable  radome,  2-131,  2-133,  2-135 
Turbulence,  1  456,  1-458 
Turbulent  heating,  2-421,  2-424 
Two-horn  interferometer,  1-466 

U 


V 

Vacuum  injection,  1-399 
VC-8359  epoxy  resin,  2-315 
Vehicles,  ballistic  reentry,  2-451 
hypersonic,  2-463 
Velocities,  hypersonic,  2-417 
effect,  1-354 
VHP  radar,  1-3 
Vibration  testing,  1-327,  2-251 
Vibrational  forces,  2-62 
Vibrin,  2-298 
Vibrin  135,  2-300 
Vibrin  135-136A,  2-315 
Vibrin  polyesters,  radiation  effects,  2-251 
Vidigage,  Branson,  2-348 
Viscosity,  air,  1-290 
Vitreous  silica,  2-273 
properties,  2-275 

VSWR  evaluation,  free-space,  2-405 

W 

Waffle  core,  1-300 
Walls  (see  also  “Panels"  entries) 
construction,  1-297,  2-8,  2-23 
fluted  core,  1-299 
framed-in-place  core,  1-299 
honeycomb,  1-298 
laminated,  2-5 
lost  wax  core,  1-300 
millimeter-wavelength  radome,  1-84 
prefabricated  foam,  1-299 
solid,  2-4 
waffle  core,  1-300 


Walls  (cont) 

dimension  tolerances,  1-521 
gage,  electromechanical,  1-47. ' 
half-wave,  1-121, 1-191,  2-117 
laminate,  1-478 

_ _ _ _ _ _ 1  t  nc\ 

iiiveoutnucn  o,  i  "too 

sandwich,  1-123, 1-301 
solid,  1-301 
thin,  1-120 
thickness,  1-118,  2-46 
gage,  2-346 

tolerances,  1-477,  2-44,  2-80 
Waveguide,  circular,  1-485 
coaxial,  1-485 

dielectric  measurements,  2-367 
principles,  1-483 
rectangular,  1-486 
slotted,  2-138 

wall,  loss  correction,  1-490 
Wavelength,  free-space,  2-38 
Wedge  radome,  1  -69,  2-104 
Weight  factor,  1-106 
Wet-dip  resin  bath,  2-304 
Wind  tunnel,  supersonic,  2-232 
Window,  ablative,  2-429 
electrical  design,  ?-416 
electromagnetic,  2-448 
flat,  2-431 

structural  design,  2-416 
Wire  grids,  1-59,  2-106 
Wollastonite,  1-425 


X 

X-band,  1-509 

Xonotlite,  conversion,  1-425 

Y 

Yaw,  stabilization,  1-441 

Z 

Zircon,  1-424 
Zlrconia,  2-288 

Zytol  101  polyamide  resin,  2-319 


Ultrasonic  grinding  control,  2-310 
Ultrasonic  thickness  gage,  2-348 
Uniform  ground  illumination  geometry,  1-98 
Unsymmetrical  air  loading,  1-282 
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